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Low-Dispersion Liquid Chromatography 



Low dispersion means it takes less sample, less solvent, 
and less time; it's a term coined by HP and implemented 
in a new high-performance LC system. 

by Robert J. Jonker and Gerard P. Rozing 



LIQUID CHROMATOGRAPHY is an analytical tech- 
nique that gives qualitative and quantitative informa- 
tion about nonvolatile substances in mixtures. The 
variety of compounds that are now analyzed by liquid chro- 
matography is enormous, ranging from substances contain- 
ing only a few atoms to polymers having 100,000 or more, 
and from ionic to totally apolar substances. Liquid chroma- 
tography can be applied to samples where only a few mi- 
croliters are available, which is the case in biomedical ap- 
plications, or where a virtually unlimited sample is avail- 
able, for example in the analysis of sea water. 

The number of compounds in the sample may vary from 
only a few, such as in process control, up to several hundred 
in the analysis of body fluids. The ratio of concentrations 
of major to minor components can be up to one million or 
higher. 

Information Processing in Liquid Chromatography 

Fig. 1 shows the elements of a basic liquid chromatog- 
raphy (LC) system. A liquid sample is taken from a mixture 
to be analyzed and introduced to a part of the system that 
is at an elevated pressure. The sample is then transported 
to the separator by the flow in the system. In liquid chro- 
matography the separator is called the column and consists 
in most cases of a tube filled with porous material called 
the stationary phase. A liquid, the mobile phase, flows 
through the tube between the particles of stationary phase 
material. 

The components in the sample become distributed differ- 
ently between the mobile and stationary phases, because 
they have different interactions (physical and/or chemical) 
with each phase. The natureand strength of the interactions 
can be selected by the choice of phases. This makes liquid 
chromatography the most versatile separation method 
known. As a result of the distribution, the components will 
move with different speeds through the column, so that 



they will elute from it at different times. By changing the 
composition of the mobile phase during elution (gradient 
analysis) it is possible to analyze a wider variety of com- 
pounds in a given time than would be possible under con- 
stant conditions. 

After the separator, the column effluent enters the detec- 
tor, which measures a physical or chemical property of 
each now relatively pure compound. With the aid of a 
priori knowledge about the way the system responds to 
the components in the mixture (calibration), the detector 
response is transformed into the data of interest, that is, 
the nature and quantity of all relevant compounds in the 
mixture. 

Dispersion During Separation 

At injection, the solutes in the mixture are concentrated 
in space. During the separation process, the zone occupied 
by any given component is inevitably broadened, that is, 
the components become diluted by the mobile phase (Fig. 
2). This process reduces the separation induced by the 
differing migration rates of the components and also ham- 
pers detection. 

Lack of lateral equilibrium is the main source of broaden- 
ing of the zone occupied by a component as it elutes down 
the column. The most important mechanism by which lat- 
eral mass transfer occurs is diffusion of the sample compo- 
nents within the flowing mobile phase and the particles 
of the stationary bed. This diffusion process would reach 
equilibrium after an infinitely long time. However, the res- 
idence time of a volume element of mobile phase at any 
location in the column is limited, so only a certain degree 
of equilibrium can be reached. For this reason, at the front 
of the zone, the concentration of a sample component in 
the mobile phase is slightly higher than the equilibrium 
value, while at the back of the zone the concentration in 
the stationary phase is slightly higher (Fig. 2). As a result, 
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Fig. 1. A liquid chromatograph 
separates a sample liquid into its 
components. The separator, or 
column, is a tube Ulled with parti- 
cles ol a porous material. 
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Fig. 2. The zone occupied by a 
sample component broadens as 
it elutes down the column. This is 
called dispersion. At the leading 
edge of the zone, the component's 
concentration in the mobile phase 
(solvent) tends to be higher than 
its equilibrium value (the value 
after an infinitely long time), and 
at the trailing edge the concentra- 
tion in the stationary phase (parti- 
cles) tends to be higher than the 
equilibrium value. Thus the lead- 
ing edge travels faster than the av- 
erage, the trailing edge travels 
slower, and the zone broadens. 
(Of course, the concentration is 
highest in the middle of the zone — 
much higher than the equilibrium 
value.) 



the front moves faster than the average velocity of the com- 
ponent's zone and the back moves slower, making the zone 
broaden as it moves down the column. 

The smaller the distance over which the diffusion has 
to take place, the shorter the time needed to reach a certain 
degree of equilibrium and the faster a separation can be 
obtained. The characteristic distance for this process is the 
particle diameter. 

Halving the particle diameter allows doubling of the 
mobile phase velocity. These smaller particles give the 
same separation power in half the column length, so 
analysis time is quartered if particle size is halved. Fig. 3 
shows a 91% reduction in analysis time when particle size 
is reduced by 70%. However, smaller particles show a 
greater resistance to flow, so higher pressure is needed to 
pump the mobile phase through the column. 

Today's columns are packed with porous silica particles 
of 10, 5, or 3 /im diameter. The particles are porous, that 
is, 60-70% of their volume is empty. Typical particles have 



pore diameters of 6 to 30 nm and internal areas of 150 to 
400 m 2 /gram. The silica is chemically modified at its sur- 
face, so that surface polarity can range from ionic to apolar 
to accommodate compounds of widely differing polarities. 
Major emphasis is on the silicas that are apolar after mod- 
ification (reversed phase). These are suitable for analyzing 
polar substances. 

The amount of mobile phase needed for an analysis is 
directly proportional to the volume of the column. Reduc- 
tion of column volume is of importance because it reduces 
the volume needed for an analysis (solvents suited for liq- 
uid chromatography are expensive). Also, if only a limited 
amount of sample is available, the dilution of the sample 
in a low-volume column will be less, thereby improving 
detectability. 

As mentioned above, one way that column volume has 
been reduced is by using smaller particles and shortening 
the column. Another way to reduce column volume is by 
reducing the diameter of the column. Whereas in the past 
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Fig. 3. These chromatograms 
show the influence of particle size 
on analysis time, solvent con- 
sumption, and detectability. 1 nl 
of a mixture of phenols was in- 
jected onto both columns, which 
had the same separation power 
(N=7000 plates). Column A: 
60 x 4.6 mm, 3-fim ODS Hypersil 
particles, flow rate 2 mllmin, total 
volume of mobile phase needed 
tor an analysis = 3.0 ml. Column 
B: 200 x 4.6 mm, 10-nm ODS 
Hypersil particles, flow rate 0.7 mil 
min, total volume of mobile phase 
needed for an analysis = 10.5 ml 
In both cases the mobile phase 
was 50% water and 50% aceton- 
itnle. and the temperature was 
40°C. 
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column diameter was 4.6 mm. it is now possible to use 
2.1-mm columns, thereby reducing solvent consumption 
by a factor of five (see Fig. 4). 

Instrumental Demands 

The use of small-bore columns packed with small par- 
ticles means that the analytes eluting from the column are 
less dispersed in time and volume. To maintain the separa- 
tion obtained by the column, the dispersion in the non- 
column part of the system must be negligible compared to 
the dispersion in the column. This has a large impact on 
the design of the liquid chromatographic system — it has to 
be minimally dispersive. 

The injection volume, the transportation of the analytes 
to the column and the detector, the time in the detector, 
and the time constants of the electronics (analog as well 
as digital) all disperse the chromatographic zones in vol- 
ume and time. These dispersion processes can be limited 
by reducing the volume and optimizing the geometry of 
the noncolumn parts of the system, and at the same time 
optimizing the electronic time constants. The detector vol- 
ume cannot be reduced indefinitely because a photometer 
needs a certain optical path length and reduction of the 
cross section of the cell reduces the amount of light through 
the cell. Lower light throughput means higher noise, limit- 
ing the dynamic range of the detector. By a proper design 
of the cell, however, detector dynamics can be preserved 
even with a low cell volume, maintaining important fea- 
tures such as multiwavelength detection. Dispersion in the 
connecting capillaries can be reduced by decreasing the 
internal diameter. However, this has to be traded off against 
the resulting higher pressure drop and a higher probability 
of clogging. 

The flow rates required for the new low-dispersion col- 
umns are smaller than those used before, while the pressure 
at which this flow has to be delivered is greater. However, 
it is important not to lose the potential for gradient analysis 
and the use of conventional columns in the same system. 



The result is that a dynamic range of 1 /xl/min to 5000 
/xl/min is required of the solvent delivery system. The in- 
jection volume is dependent on the column and the method 
used. To maintain flexibility in this respect, injection vol- 
umes between 0.1 and 250 /a' must be possible, 

Often large quantities of samples have to be analyzed 
and automation of all steps of the analysis is a prerequisite. 
This can be done by using an autosampler and adequate 
communication between all subsystems. 

Retardation of the solutes in the column is largely influ- 
enced by the temperature in the column. To assure repro- 
ducibility of both quantitative and qualitative data, the 
column has to be thermostatically controlled. 

If all of these demands are fulfilled, we can say we have 
a system suited for low-dispersion liquid chromatography, 
a term coined by HP. Low-dispersion liquid chromatog- 
raphy means that chromatography is carried out more 
economically with respect to sample, solvent, and time. 

New Low-Dispersion LC System 

The new HP 1090 Liquid Chromatograph (Fig. 5), a family 
of integrated LC modules, represents a new concept in LC 
instrumentation. This low-dispersion LC system makes 
contributions in four areas of importance to the chemist: 

■ A growing family of integrated modules that combine 
the automation and communication capabilities of an 
integrated system with the operational flexibility and 
upgradability of stand-alone components 

■ A solvent delivery system with a dynamic range of 
5000:1 that provides equally high precision when explor- 
ing new LC techniques or when using conventional 
methods 

■ Optimum chromatographic performance with standard 
columns, high-speed columns, and microbore columns, 
owing to minimized extracolumn peak broadening 

■ Microprocessors in each module, permitting intelligent 
communication with the system and providing fully syn- 
chronized automation. 
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Fig. 4. These chromatograms 
show the influence of column di- 
ameter on solvent consumption 
and detectabihty. 1 ^ of a mixture 
of benzene derivatives was in- 
jected onto both columns, which 
had the same separation power 
(N=7000 plates) Column A: 
100x4.6 mm. 5-ftm ODS Hypersil 
particles, flow rate 2.35 mllmin. 
total volume of mobile phase 
needed for an analysis = 4.7 ml. 
Column B: 100x2.1 mm, 5-pjn 
ODS Hypersil particles, flow rate 
= 0.5 mllmin, total volume of 
mobile phase needed for an 
analysis = 1.0 ml. In both cases 
the mobile phase was 50% water 
and 50% acetonitnle. and the tem- 
perature was 60°C. 
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Fig. 5. The new HP Model 1090 
Liquid Chromatograph is a family 
of integrated LC modules de- 
signed lor low-dispersion LC It is 
compatible with standard col- 
umns and methods or with the 
newer microbore and high-speed 
columns. 



Chromatographic Aims 

HP chemists believe that the need to improve laboratory 
productivity is leading to the adoption of two new column 
standards, using microbore and high-speed columns. 

Compared to standard 10-cm columns packed with 5-^tm 
particles, the new 6-cm x 4.6-mm high-speed columns 
packed with 3-p.m particles complete the analysis three 
times faster and improve detectability. The new 2.1-mm 
microbore columns reduce solvent consumption by 80% 
and increase column detectability five times. Both new 
columns maintain equivalent resolution. 

With the HP 1090, the analyst can use the high-speed 
and microbore columns without sacrificing available reso- 
lution. All the individual parts of the HP 1090 are designed 
with minimum volume and optimum geometry to reduce 
external contributions to peak volume. 

The new solvent delivery system generates gradients at 
high flow rates (for high-speed columns) or low flow rates 
(for microbore columns) with equal precision. 

Integrated Modules for Maximum Operational Flexibility 

Contained within the HP 1 090 mainframe are component 
modules designed to perform as one integrated system. The 
chemist configures the HP 1090 for a particular type 
of application. Each module can be easily removed and 
exchanged. 

Available are the following modules: 

■ DR5 solvent delivery system module. A dual-syringe 
metering pump in each solvent channel delivers any 
flow rate from 1 nVmin to 5 mlAnin by true volumetric 
displacement. This permits 1-99% gradients with better 
than 1% precision, even at 100 ^1/min. Delay volume is 
below 0.5 ml. Performance at this level is essential if 
both high-speed and microbore columns are to be accom- 
modated. Low-pressure metering and a high-pressure 
diaphragm pump ensure that solvent delivery is com- 
pletely independent of solvent compressibility. Conver- 
sion from isocratic to binary or ternary (two or three 
different solvents) is a simple matter of adding one or 
two metering pumps and their circuit boards. 

■ Sampling modules. These can be completely automatic 



or manual. The autoinjector uses one of two high-resolu- 
tion syringes to deliver programmable injection volumes 
from only 0.1 til up to 250 fil. For maximum throughput, 
the autoinjector can be combined with an autosampler. 
Ten interchangeable magazines simplify sample prepa- 
ration, storage, and installation. The autosampler is fully 
programmable, giving fast, random access to 100 sam- 
ples. The sampling time is compatible with high-speed 
LC. 

■ Detection modules. A choice of UV/Vis detection mod- 
ules offers either fast, economical wavelength switching 
or instant spectral scanning. The filterphotometric detec- 
tor has a filter wheel holding seven filters and is able to 
give programmable wavelength changes in less than two 
seconds, without baseline offset. All wavelengths are 
observed simultaneously by the diode array detector, al- 
lowing eight wavelength signals, each of any bandwidth, 
to be monitored in each analysis. The instantaneous ac- 
quisition of spectra, automatically or on demand, gives 
comprehensive information on component identity and 
purity. 

■ Column compartment. The HP 1090's column compart- 
ment ensures temperature homogeneity within the col- 
umn by means of an airbath thermostat and by preheating 
solvent in a 2-^il capillary. The heat exchanger maintains 
a temperature precision of ±0.5°C. 

■ A wide variety of data-handling and communication op- 
tions are accommodated through analog output, HP-IB 
(IEEE 488), or serial interfaces. The system master is the 
HP-85 Personal Computer. As new communication stan- 
dards become established, they can be incorporated into 
the existing architecture. 

The benefits resulting from these features are: 

■ The ability to explore new LC techniques without losing 
the flexibility to run routine methods 

■ Increased throughput, by combining high-speed columns, 
fast sampling, and intelligent automation 

■ Increased detectability and an 80% reduction in solvent 
consumption through the use of microbore columns 

■ Fully synchronized operation and complete documenta- 

' lon (cofiimuea on page 81 
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Identification and Quantitation of 
PTH Amino Acids 

by Bernd Glatz and Rainer Schuster 



In biochemical research the determination of primary struc- 
tures o) proteins or polypeptides has been of great interest for 
about 25 years. The knowledge of the structure of these mac- 
romolecules gives a better understanding of their function in 
plants, animals, and human beings and makes it possible lo 
synthesize compounds of interest 

Proteins and peptides consist of a large number of amino acids 
which are coupled by peptide bondings If the kinds of amino 
acids and their sequence can be determined, then the primary 
structure is known With a so-called Edman degradation, the 
peptide bonding of the final amino acid can be broken, converting 
this amino acid to its phenylthiohydantoin (PTH) derivative. This 
PTH amino acid can then be identified and quantitated by chro- 
matography In this way the kinds of amino acids and their se- 
quence can be determined. 

The structures of well known proteins like insulin, ribonuclease, 
and hemoglobin were elaborated with the Edman degradation 
25 years ago At this time, however, gram amounts of a protein 
were needed and the procedure was very time-consuming. 

Today the structures of brain peptide hormones, membrane 
proteins, polypeptides Involved in cell development, or proteins 
responsible for diseases are of great interest. Since these com- 
pounds are only available in milligram amounts, the sensitivity 
of the protein sequence analysis has had to be increased The 
Edman degradation is now fully automated and the yield is sig- 
nificantly improved. The identification and quantitation of the PTH 
amino acids is commonly performed by high-performance liquid 
chromatography (HPLC). Today the limiting factor is the sensitiv- 
ity of the HPLC system To maximize Ihe sensitivity of the HPLC 
system, the sample dilution should be as small as possible, and 
Ihe detection device should be as sensitive as possible. 

The HP 1090 makes three major contributions in lerms of in- 
creased sensitivity: 

■ II can handle microbore columns. Compared to a slandard 
4.6-mm inside-diameter column, a 2 1-mm microbore column 



exhibits five times lower dilution of a sample. Therefore, five 
times better deteclability can be achieved 

■ It offers sensitive detection modules The filterphotometric and 
photodiode array detectors achieve noise levels of 10~ 4 A.U. 
(absorbance units) under optimized conditions, representing 
two of the most sensitive UV detectors available. 

■ It offers optimum module compatibility. It is important to main- 
tain ihe low noise of the detector, especially for trace analyses. 
Temperature fluctuations, pulsations and nonoplimal mixing 
characteristics of the solvenl delivery system, electrical incom- 
patibilities between modules, and other faclors can deteriorate 
the detector's performance. 

To make it possible to operate microbore columns with 
adequate performance, Ihe HP 1090 also provides: 

■ A solvenl delivery system that can deliver low flow rates (100- 
300 fil/min) with high precision and full gradient capability 
from 1 to 99% 

■ Small extracolumn volumes to maintain the resolution of the 
column 

■ Small and reproducible injection volumes (1 to 5 

These capabilities of the HP 1090 make it feasible to improve 
the sensitivity of existing methods by an order of magnitude. 

The first step in the method development consists of Ihe sep- 
aration of slandard PTH amino acids. Because Ihere are 25 dif- 
ferent PTH amino acids, and many of them show similar 
chromatographic behavior, the separation itself is a major chal- 
lenge. 

Fig. 1 shows a chromatogram with all 25 PTH amino acids, 
separated on a 1 00 x 2. 1 -mm reversed-phased column. This sep- 
aration involves a complex ternary gradient of A = 0.01 molar 
sodium acetate (pH = 5.8), B = methanol, and C = acetonitrile. To 
obtain reproducible resulls, Ihe solvenl delivery system must 
precisely deliver flow rales of 1 5 to 30 /il/min from one channel . 

From Fig. 2 Ihe sensitivily of Ihe method can be determined 
Even as small a sample as 119 picomoles of each PTH amino 
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Fig. 1. An HP 1090 chromato- 
gram showing all 25 PTH amino 
acids separated on a 100x2.1 -mm 
reversed-phase column. 
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acid gives peaks well above Ihe noise level. Because of Ihe 
excellent optical properties of the diode array detector, there is 
a relatively small baseline drift even in gradient operation. The 



Fig. 2. An HP 1090 chromato- 
gram showing the small baseline 
drift and a detection limit tor PTH 
ammo acids in the lower picomole 
range. 11.9 picomoles ol each 
PTH amino acid was injected. 



detection limit of the PTH amino acids is in the lower picomole 
range This represents an improvement over existing methods 
and a major step forward in the field of PTH amino acid analysis. 



■ An integrated system that can be adapted as technology 
advances and as the needs of the analyst change. 
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Design of the HP 1090 Control System 

by Herbert Wiederoder, Roland Martin, and Juergen Ziegler 



STARTING FROM SCRATCH with a new liquid chro- 
matograph concept is a challenge for each engineer 
in the lab. On one hand, there are complex mechan- 
ical components like the solvent delivery system, the col- 
umn compartment, the injector system, the autosampler, 
and the detector. On the other hand, an intelligent control 
system is necessary to coordinate these various modules. 
To get a cost-effective, easily upgradable, and flexible sys- 
tem, some key objectives were decided upon: 

■ Distribute the functions of the system into hardware con- 
trol, data acquisition, data processing, and a user inter- 
face. 

■ Use a hierarchical structure that is easily understanda- 
ble. 

■ Use the HP-IB (IEEE 488) as the communication link to 
a standard low-cost HP personal computer, the HP-85. 

■ Use the personal computer as the user interface, as the 
coordinator for multiple analysis processes, and for data 
evaluation. 



System Overview 

Fig. 1 shows the general architecture of the HP 1090 LC 
System. It is a typical hierarchical structure with the HP-85 
as the head. The HP-85 serves two purposes: the human 
interface and the management of automatic multiple 
analyses with variable parameters. The actual analysis is 
done by two HP-IB devices, the liquid chromatograph (LC) 
and the diode array detector (DAD). Each HP-IB device has 
its own clock. Because the injector determines the begin- 
ning of the analysis, a synchronization mechanism has been 
established between the LC and the DAD and other devices. 
Accurate analysis requires synchronization within less 
than 70 ms. This is done by frequently setting the LC and 
DAD clocks and sending the injection time to the DAD 
once the injector completes the injection. 

A lower-cost f ilterphotometric UV detector (FPD) is inter- 
changeable with the DAD. This detector, the LC, the DAD, 
the other modules within the mainframe, and the HP-85 
software are described in other articles in this issue. 
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System Communication 

The distribution of the HP 1090 System into modules is 
done on three levels (Fig. 2). Level 1 can be seen by the 
user. It is represented by the physical devices, like the 
HP-85 or the plotter, and is connected via the HP-IB. The 
LC mainframe itself is distributed into two addressable 
HP-IB devices, the LC controller and the DAD controller. 

Level 2 is created by the hardware design of the LC de- 
vices, which is based on several single-processor comput- 
ers located on different boards inside the mainframe and 
connected by special hardware. 

Level 3 is implemented by software within a single-pro- 
cessor computer. The applications software is based on a 
multitasking operating system. It is designed as a collection 
of tasks, each performing a particular function and interact- 
ing through a communications mechanism. 

The different components at any distribution level 
within the system are relatively independent. Each level 
can be characterized by the usable resources for coupling 
the components. For level 1 it is the message communica- 
tion over the HP-IB by cables and standard hardware inter- 
faces. Transmission control is restricted to some standard- 
ized methods. The level 2 environment consists of 
hardware designed specifically for liquid chromatography. 
It uses an interprocessor link implemented by shared mem- 
ory or I/O ports and interrupt lines. The coupling of com- 
ponents at level 3 is done by the operating system, which 
provides an intertask communications mechanism. 

Communication is not only required between the compo- 
nents of a certain level, but also from one level to another. 
The 1090 uses an intertask and interprocessor communica- 
tions mechanism that resembles a mqssage system. The 
message is packed into a memory buffer called mail and 
sent to a specified mailbox. A task waits for mail at a mail- 
box, receives it, and processes the message data. Mail routes 
can be established by a sequential list of receivers stored 
in the mail itself. 

A message from an outside HP-IB device has to be trans- 
formed into mail and sent to its receivers. The operating 
system creates a quasiparallel. multibyte communication 
with multiple data paths. The HP-IB supports only a single 
byte-serial data path without parallelism. The solution for 
this conflict is time multiplexing of messages from different 
data paths. A part of the operating system called the HP-IB 
transformer provides a mechanism that allows the HP-IB 



Fig. 1 . The architecture ol the HP 
1090 LC System is hierarchical 
with the HP-85 Personal Computer 
at the head The HP-85 manages 
multiple analyses and serves as 
the human interlace 

controller to arbitrate between concurrent communication 
requests according to any priority strategy. 

The HP-IB transformer amounts to a set of connectors 
for data paths, called communication units (CUs). Fig. 3 
shows a block diagram of this design. To the application 
software, a CU looks like a mailbox. To the HP-IB controller, 
a CU looks like a subdevice, which is selected by a second- 
ary command as defined in the HP-IB standard. 

The LC Controller 

The separation part of a liquid chromatograph consists 
of the solvent delivery system (SDS). the column compart- 
ment with heated oven (COCO), and the injector system 
and autosampler (ISAS). Fig. 4 is a block diagram of the 
1090 LC showing how these modules and the UV filter- 
photometric detector (FPD) are connected to the LC controller. 

The master controller is a Z80A-based microcomputer 
with 48K bytes of program memory on the board, 4K bytes 
of program memory on the HP-IB interface, and 8K bytes 
of data memory. The rest of the 64K linear Z80A address 
space is used for memory-mapped I/O to the external blocks 
via the internal/external bus. Six interrupt sources are con- 
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Fig. 2. Communication in the HP 1090 LC System takes place 
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Fig. 3. A part of the 1090 operating system called the HP-IB 
transformer allows the HP-IB controller to arbitrate between 
concurrent communication requests. It amounts to a set ol 
connectors for data paths called communication units (CUs). 

nected to priority logic (no nested interrupts). Four chan- 
nels of a Z80A CTC (counter timer circuit) chip are used 
as a time base and for the analog-to-digital converter. This 
A-to-D converter (Fig. 5) is an integrating voltage-to-fre- 
quency converter. The frequency is measured with two 
channels of the CTC. The frequency range is switchable to 
provide either 8-bit resolution or 10-bit resolution. Because 
the CTC has only 8-bit counters, overflow interrupts are 
counted by the software for 10-bit resolution. Using the 
CTC for analog-to-digital conversion makes it easy to syn- 
chronize the measurements with the high-pressure pump 
and to interface the pump to the Z80A. 

The column compartment contains an oven, which can 
be heated up to 100°C and has a temperature stability of 
±0.5°C. 

The miscellaneous I/O port on the LC controller board 
(Fig. 4) is used for remote control and to turn off the main 
power supply for automatically going to a standby mode. 
The remote control lines can be used for synchronization 
of external instruments (e.g.. an integrator). 

The purpose of the local keyboard is to turn on and off 
the main power supply (operate/standby mode), the SDS. 
and the FPD or DAD. It also allows local starting and stop- 



Fig. 4. Block diagram of the HP 1090 control system. 

ping of an analysis and displays the instrument status. The 
injector and autosampler (ISAS) drivers are identical 
boards. Each board serves as a power driver for two step 
motors and two pneumatic actuators. The step motors are 
directly controlled by the Z80A. Five light sensors are in- 
terfaced to the Z80A to provide status information for con- 
trolling the ISAS. 

The data acquisition processor (another Z80A) of the 
FPD is directly connected to the LC controller via the exter- 
nal bus. Using the LC controller capability provides a cost- 
effective solution for integrating the detector into the sys- 
tem. Messages between the FPD and the LC controller are 
sent by interrupt-driven one-way communication in which 
the FPD is the slave. 

External communication to the HP-85 is via the HP-IB. 
This is done by the HP-IB interface board, based on an 
8291 A Talker/Listener with a 4K-byte program memory. 

To achieve a dynamic range of 5000:1 in the SDS, the 
metering pump servo circuit gets a new position every 
t u = 1.2 ms for precise continuous motion. This is done 
with one 8041A single-chip microcomputer. The master 
Z80A calculates the incremental step N, sends it to the 
8041 A, and controls the status of the SDS. The incremental 
steps are calculated by the following formula: 
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8 Analog Inputs 




Fig. 5. Rib analog-to-digital converter implemented with part 
ot a Z80A counter timer circuit is used to measure various 
pressures and temperatures 



where N = step size, 

K = constant = 2.5/jxl 
dv/dt = flow rate = 0 to 5000 ^l/min 
and t„ = update time in seconds. 
The 8041 A calculates the new servo positions for all 
three solvent channels with an integrating rounding al- 
gorithm. 

LC Controller Software 

The software resides in 52K bytes of read-only memory, 
which includes the HP-IB transformer. The software struc- 
ture is based on the multitasking operating system and the 
communications mechanism mentioned earlier. Each mod- 
ule represents an independent process and owns a task. 
Additional tasks are required for instruction decoding, the 
HP-IB transformer, the time program, parameter listing, 
and system coordination. Fig. 6 shows the tasks and their 
main internal data paths. All the tasks receive their instruc- 
tions from the instruction decoder, the system coordinator, 
or the time program. The instruction decoder checks the 
received instructions from the HP-IB transformer. If the 
syntax is correct the instruction is converted to an internal 
format for the various tasks. The instruction reply and the 
execution are done by the individual task. 

The system is interrupt-driven and requires an operating 
system overhead of less than 1.5 ms to achieve a time 
resolution in the Z80A of 5 ms. 

The Z80A software sends a periodic message to the 
8041 A slave processor, which sends a trigger signal to a 
watchdog circuit. This circuit generates a "system OK"' 
message to the various modules. This is for fault monitoring 
of the software to keep the hardware modules in a safe 
status. 

The software provides all of the LC functions for the 
complex mechanical system within the mainframe. Time- 



critical functions are implemented relatively close to the 
hardware. The HP-85 would have been overloaded if it had 
to execute such functions. A single analysis is managed by 
the local controller with the HP-85 acting more as a terminal 
for entering and modifing parameters and for evaluating 
preprocessed data from the DAD. However, the sequence 
of a multiple analysis is managed by the HP-85. 

Diode Array Detector Controller 

The controller built into the diode array detector is one 
of the major subsystems in the 1090 multiprocessor control 
system. It consists of two processors, the data acquisition 
processor (DAP) and the communication processor (COM). 

A significant part of the software of the HP-85 is related 
to the diode array detector. Fig. 7 shows the hardware block 
diagram. 

The purposes of the DAD controller are to: 

■ Control, calibrate, and test the detector hardware 

■ Acquire light measurements from the flow cell via the 
photodiode array, the readout electronics, and the 
analog-to-digital converter at a rate of 22,500 readings 
per second 

■ Preprocess the light measurements into absorbance data 

■ Reduce the huge amount of measurements to a reasona- 
ble amount of information 

■ Format and buffer this information so that it can be used 
efficiently by the HP-85. 

Fig. 8 shows the main streams of information through 
the two processors. For simplicity, all control and status 
data paths have been omitted from this picture. 

The data acquisition processor (DAP) takes care of all 
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Fig. 6. The HP 1090 software structure is based on a mul- 
titasking operating system. Each module owns a task, and 
there are other tasks lor various /unctions. Shown here are 
the tasks and the main data paths. 
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Fig. 7. Hardware block diagram ol 
the diode array detector controller. 



high-speed interactions with the hardware. It reads the 
array and the analog-to-digital converter every 44 microsec- 
onds. To serve the hardware properly, the DAP must react 
to external events within less than six microseconds. The 
rest of its time is spent in processing. It converts the primary 
data into absorbance data and generates three types of in- 
formation: 

■ Spectra: absorbance as function of wavelength at a cer- 
tain time. By averaging up to 255 measurement cycles 
of the array, the "exposure time" for the spectra can be 
matched to the speed of the separation, i.e., the width 
of the peaks eluting from the column. 

■ Signals: absorbance as a function of time at eight different 
wavelengths with variable bandwidth and response 
time. 

■ Analog outputs: two signals are converted to a voltage 
proportional to absorbance. Recorders or integrators can 
be connected to these outputs to obtain quantitative re- 
sults. 

The outputs from the DAP are transmitted to the COM 
via a shared RAM (a memory accessible from both proces- 
sors) and an interrupt mechanism to alert the receiver when 
an interprocessor message comes in. The format of the in- 
terprocessor messages in the shared RAM is identical to 
the format for intertask communication (mail) within the 
processor. This minimizes the overhead involved in pass- 
ing a piece of information from the DAP to any task within 
the COM. This is necessary because the COM needs to react 
to an incoming spectrum or signal message within less than 
five milliseconds. 

The communication processor (COM) does further data 
reduction and formatting operations on signals and spectra 
to prepare them for their final use. Two classes of outputs 
are generated: 

■ Monitor data: signals and spectra at regular intervals for 
immediate display on the HP-85's CRT screen. This al- 
lows the user to see what is going on in the flow cell. 
The major concern for this data path is that the informa- 
tion be up to date. 

■ Raw data file: the user can specify which subset of all 
acquired signals and spectra are to be memorized in a 
raw data file together with all relevant acquisition param- 
eters. A peak detection algorithm can be used to 
memorize only the most interesting spectra when a com- 



pound is eluting from the column. This reduces the 
amount of data to be stored without losing important 
information. 

The raw data file is a compact, well organized image of 
all relevant measurements during an analytical separation. 
It is used by postrun evaluation programs to draw graphic 
output. It can be stored for later comparison with results 
from other analyses. 

Other tasks in the COM take care of transforming inter- 



- Reaction Time: 6 jis 



Data Acquisition 
Processor DAP 








Data 


Code: 




Acquisition 


4K Bytes 




and Preprocessor 








1 




Reaction Time: 5 ms 



Communication 
Processor COM 



Integrate 
(External) 




Code: 
40K Bytes 




HP-85 
Code: 150K Bytes 



Monitor 
Presentation 



Fig. 8. Data How in the diode array detector controller 
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processor. 

task communications (mail) into interdevice HB-IB data 
messages, decoding and execution of instructions from the 
HP-85, calibration, fault monitoring, and control of slower 



hardware. These tasks and the various data paths between 
them are shown in Fig. 9. 

The COM communicates upward to the HP-85 via the 
HP-IB. The transformation of intertask communications 
into HP-IB data messages is quite simple. The bytes con- 
tained in the memory buffer for intertask mail are put one 
after another onto the HP-IB after the associated CO has 
been addressed. The HP-85's I/O ROM performs the inverse 
function. Thus, after a transmission is completed, a copy 
of the mail sent by a task in the COM is available in the 
HP-85. The COM provides buffering for raw data and 
monitor data to allow long reaction times for the HP-85. 
Therefore, the HP-85 can serve the diode array detector 
concurrently with other HP-D3 devices (1090 LC main- 
frame, plotter, disc) by multiplexing the HP-IB. 
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A New Solvent Delivery System 

by Wolfgang Geiger and Heinrich Vdllmer 



IN A LIQUID CHROMATOGRAPH, the quality of the 
solvent delivery system determines the quality of the 
analytical results. If reproducible results are required, 
the solvent delivery pump must provide a flow stability 
better than 1% for all flow rates, gradients, solvents, and 
column backpressures. 

Today's LC flow range is 1 to 4 ml/min. Tomorrow will 
see at least a tenfold increase in that dynamic range, mostly 
on the low end. 

The 79835 A Solvent Delivery System for the HP 1090 
Liquid Chromatograph is based on the concept of physi- 
cally separating the function of flow metering from that of 



pressure generation. It delivers any flow rate from 1 /xl/min 
to 5000 /xl/min with better than 1% precision at 100 /xl/min 
or more. It can run 1% to 99% gradients and meter up to 
three solvents. It is designed for minimum pump response 
time and total delay volume. 

Design Requirements 

The main goals for the design of the solvent delivery 
system (SDS) were: 

■ Maximum performance at moderate cost 

■ Extremely wide flow and composition ranges to satisfy 
any customer 
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■ Modular design for serviceability 

■ Extensive testing and conservative design to ensure relia- 
bility 

■ Performance matched to state-of-the-art column technol- 
ogy, but not precluding the use of popular existing col- 
umns. 

The last goal was of major importance. State-of-the-art 
columns have inside diameters of 1 .0 and 2.1 mm. The I.D. 
of existing columns may be as large as 4.6 mm. Flow rates 
range from 25 to 250 /d/min for 1.0-mm columns, from 100 
to 1000 /d/min for 2.1-mm columns, and from 500 to 5000 
/d/min for 4.6-mm columns. A high-performance system 
also has to offer gradient capabilities for all of these column 
types. This means solvent composition in the range of 1% 
to 99%. For the 79835A SDS, a flow rate range of 1 /d/min 
to 5000 /d/min was established. This wide range of flow 
rates has to be delivered precisely, with negligible influ- 
ence from pressure and solvent properties. 

Of various solvent properties, compressibility, viscosity. 
pH factors, and gas solubility are of particular interest in 
SDS design. Compressibility may cause reduced flow at 
higher pressures, an effect known as rolloff. Chromato- 
graphic solvents have different compressibilities which 
vary with temperature. In some cases, mixture effects make 
compressibility unpredictable. 

Viscosity, along with I.D. and flow rate, determines the 
pressure drop in the system tubing. On the high-pressure 
side, there can be different pressures for different solvents 
or solvent compositions, even when the flow rate is the 
same. On the low-pressure side, higher-viscosity solvents 
need pressures farther below ambient to be sucked into the 
system. 

Chromatographic solvents may have pH factors in the 
range of 2.3 to 9.5. This means that the number of materials 
available for use in the solvent path is drastically limited. 
Only a few plastics, gold, stainless steel, ceramic, ruby, 
and sapphire meet the requirements. Wear is also a major 



consideration, since the system should not introduce par- 
ticles into the solvent stream. 

Gas solubility varies for different liquids and depends 
on temperature and pressure. If the pressure in the low- 
pressure side drops significantly below ambient when 
sucking in solvent, a gas bubble may be introduced into 
the pump system. This is unacceptable, since it can affect 
the performance drastically or cause an error condition. 

SDS Design Concept 

There is no device or method available to measure flow 
over a dynamic range of 1 to 5000 /d/min at an acceptable 
price. This problem is further expanded by the solvent 
properties already discussed, so that it would require a 
complex nonlinear system to control flow in this range, 
even if it could be measured. The approach taken in the 
79835A SDS is to meter the solvent instead of measuring 
flow rate. The design components are shown in Fig. 1. 

Metering is done at low pressure, where solvent effects 
are negligible, by a specially designed dual-syringe pump. 
A servo loop system accurately controls the motion of the 
metering pump's pistons by measuring the motion of the 
pump-motor shaft. During volume displacement the two 
syringes are used alternately, so that intake and delivery 
of solvent are synchronous. 

This design requires a switching valve to connect the 
syringes alternately with the solvent reservoir and then to 
solvent delivery (see Fig. 2). A complex SDS control system 
was designed to coordinate the servo-driven metering 
pump with a four-port motor-driven rotary valve. 

After metering, the solvent pressure has to be amplified 
to the pressure on the column by a high-pressure booster 
pump. This second pump is a diaphragm pump operating 
at a stroke frequency of 10 Hz. However, this allows only 
a period of approximately 40 ms to fill the cavity under 
the membrane. 

Coupling the metering pump to the high-pressure pump 
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directly would cause excessive pressure spikes during the 
strokes of the high-pressure pump, leading to damage of 
the metering-pump seals and the rotary valve. There are 
two solutions to this problem. One would be to start and 
stop the metering pump. This would result in noisy oper- 
ation and considerable stress on the metering pump's 
motor, gears, and bearings. The other solution is to add a 
low-pressure compliance, which temporarily stores sol- 
vent, allowing continuous metering pump operation and 
improving mixing performance. 

To reduce the flow ripple produced by the high-pressure 
pump, there is a damping unit between the solvent outlet 
of this pump and the column. In essence, it is a reservoir 
filled with a compressible liquid which is separated from 
the solvent by a membrane. 

The solvents are stored in three reservoirs holding one 
liter each. To prevent penetration of the LC system by dirt 
particles, a filter with a 10 jun pore size is installed. The 
reservoirs are purged with constant helium flow to prevent 
saturation of the solvent with air. 

Metering Pump and Rotary Valve 

Fig. 3 shows the metering pump and rotary valve assem- 
bly. The main requirements for this pump are a precise 
flow rate and, to avoid solvent problems, a low linear ve- 




Fig. 3. Metering pump and rotary valve assembly. High-pre- 
cision sapphire pistons and a high-performance drive system 
provide accurate volume displacement 




Fig. 4. The high-pressure pump has no suction, but delivers 
any solvent input to the column against backpressures as 
high as 40 MP a. 

locity when sucking in solvent. The design uses high-pre- 
cision sapphire pistons and a high-performance drive sys- 
tem to do volume displacement. Two syringes are used 
alternately to prevent problems caused by fast solvent in- 
take. 

The metering pump system is driven by a step motor 
electrically controlled by a motor drive board. Motor move- 
ment is sensed by a shaft encoder with a resolution of 0.25 
degree mounted on top of the motor. To achieve the re- 
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Fig. 5. Override and solvent valves ol the high-pressure 
pump. 
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quired flow resolution — for example, 6.7 nl — a gear is used 
to transmit motor movement to the piston. A ball-screw 
spindle translates the circular movement of the gear into 
linear movement of the piston; it is spring-loaded to elimi- 
nate backlash. The decision to use a ball-screw spindle 
was based on its low friction, precise pitch, and high relia- 
bility. The sapphire piston of the pump is assembled under 
ball-loaded conditions and the movement is guided by a 
sapphire ring. The seal problem is solved by a solvent-re- 
sistant GFP gasket. The displacement volume of the meter- 
ing pump is approximately 100 /xl per syringe. 

A four-port rotary valve driven by a variable-reluctance 
motor connects the syringes alternately with the solvent 
reservoir for solvent delivery. When the piston on the for- 
ward stroke reaches the end of a cylinder, the control sys- 
tem waits for the pressure stroke of the high-pressure pump. 
Then it slops the servp drive and turns the rotary switching 
valve through 90 degrees, reversing the connections of the 
pistons. The servo drive is restarted, running in the oppo- 
site direction. 

The rotary valve avoids the common problem of 
checkvalves, which need a certain amount of backflow to 
close. The amount of backflow needed depends on the flow 
rate, on solvent properties, and on the valve geometry, and 
is generally unpredictable. The main design challenge was 
to find a combination of materials for the valve rotor and 
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Fig. 6. The low-pressure compliance (LPC) connects the 
metering pump to the high-pressure pump. The contributions 
of the three solvent channels are combined in the mixing 
chamber (photo). The deflection of the diaphragm of the LPC 
is measured by a strain gauge system mounted on a 
prestressed spring. 



Outlet Inlet 




Fig. 7. In the damping unit, flow ripple is reduced and the 
high pressure is measured with a strain gauge bridge 
mounted on a cylindrical tube. 

stator that have low friction, low wear, good sealing perfor- 
mance, and high reliability. A sapphire rotor and a ceramic 
disc stator were selected and extensively tested to match 
the requirements. 

The connection between the metering pump and the ro- 
tary valve is a pair of stainless-steel capillaries. The final 
positions of the rotary valve are controlled by light-actuated 
switches. 

High-Pressure Pump 

The high-pressure booster pump (Fig. 4) produces the 
flow through the column. This pump is unable to suck in 
solvent, but delivers any solvent input to the LC system 
against backpressures as high as 40 MPa. The design is 
based on the highly reliable diaphragm pump used in the 
HP 1080 LC. which is free of seal and wear problems over 
this entire pressure range. The pump is driven by an asyn- 
chronous motor operating from the ac line. The motor is 
inexpensive and its high moment of inertia makes it an 
excellent choice for a fixed-frequency pump drive. 
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For the 1090 LC. the 1080 pump design had to be mod- 
ified not to suck in solvent. An oil valve added to the oil 
circuit makes it possible to refill the oil side while the 
plunger travels back. The metering pumps generate enough 
pressure to fill the chamber of the booster pump by deflect- 
ing the diaphragm. When the booster pump completes its 
high-pressure delivery stroke, the diaphragm is pressed 
against the flat surface of the pumphead. which means that 
under high pressure the stress on the diaphragm is low 
because it is undeflected. This should further enhance the 
pump's reliability. 

When the piston starts to travel backwards, the solvent 
contained between the inlet and outlet valves expands and 
the pressure drops. When this pressure has arrived at a 
value about one bar below the pressure in the compliance 
chamber, the inlet valve opens and solvent flows into the 
pump body cavity, forcing the membrane to bend towards 
(he oil section. As soon as the piston reverses its movement 
the inlet valve closes, and oil pressure is built up until the 
system pressure is reached. The outlet valve then opens 
and all the solvent between the membrane and the pump- 
head is delivered to the system. While the piston keeps 
traveling until it reaches its lower position, further pressure 
is built up in the oil above the membrane which is finally 
released via the override valve to the oil reservoir. Refill 
occurs as the piston travels back after reaching its lower 
position. Since the piston stroke volume is substantially 
larger than the maximum volume of solvent delivered to 
the system per stroke, the balance is filled by oil taken 
from the oil reservoir through a check valve. 

In the override valve (Fig. 5), a ruby ball is pressed with 
a spring on the metal seat with a force representing a pres- 
sure of 440 bar. Relief pressure is adjusted by setting the 
top screw. In case of relief, oil flows around the ball through 
a small bore in the housing into the main compartment of 
the override valve and then out to the oil reservoir through 
a capillary. 

Solvent inlet and outlet valves use the same cartridge, 
installed in different directions. The solvent ball valves 
(Fig. 5) are built up of two sapphire seats, two ruby balls 
(one is spring loaded), and three polyimide seals installed 
in a tube. Spring loading of one ball in the valve cartridge 
is necessary to prevent sucking of solvent from the low- 
pressure compliance and mixing chamber. 

Low-Pressure Compliance 

The contributions of each solvent channel to the total 
flow are mixed together in the chamber of the LPC (Fig. 
6). Since there is a continuous delivery from each channel, 
the LPC also temporarily stores the flow volume delivered 
from each channel for the time the piston of the high-pres- 
sure pump is on its pressure stroke and no flow can leave 
the LPC. To prevent damage from blockages in the high- 
pressure pump, the deflection of the diaphragm is mea- 
sured by a strain gauge system mounted on a leaf spring. 
Flow volume filling the chamber moves a metal cylinder 
which bends the spring. An electrical circuit transforms 
the mechanical movement sensed by the strain gauge bridge 
into an electrical signal which is sent to the system control- 
ler, which monitors both low-pressure and high-pressure 
measurements. The spring is prestressed such that there 
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Fig. 8. Required motion ol the metering pump pistons. 

will only be a change in the output signal when the pressure 
exceeds 2 bar. 

Mixing of up to three solvents takes place in a normal 
working volume of only 9 fi\. In designing the LPC, we had 
to guarantee that when the high-pressure booster pump is 
being filled, the LPC diaphragm is in a fixed position so 
that only the metering pump determines the flow. The LPC 
diaphragm is spring-loaded so that it returns to its unde- 
flected position when the booster pump is filled, thereby 
ensuring reproducible flow. 

Damping Unit 

In the damping unit (Fig. 7), flow is damped (flow ripple 
reduction) and the high pressure in the system is measured. 
The damping function is provided by an aluminum housing 
partly filled with water as the compressible medium and 
a solid ceramic block which compensates for the different 
coefficients of expansion of water and the aluminum hous- 
ing. This allows operation from 0 to 55°C and storage from 
40 to 70°C. 

High pressure is measured with a strain gauge bridge 
mounted on a cylindrical lube which is filled with water 
and a solid metal bar. The electrical circuit that outputs a 
voltage proportional to the pressure measured is mounted 
on a bracket on the extension of the metal cylinder. 

Design Requirements for the SDS Electronics 

Since a metering system does not use feedback to deter- 
mine rate of flow, but relies instead on displacement of 
solvent, it is important to maintain precise control of the 
motion of the pistons that displace the solvent. A closed 
loop system is used in the part of the SDS where the solvent 
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Fig. 9. A PD-type (proportional plus derivative) servo loop is 
used to control the motion of the metering pump pistons. 

is metered. 

The metering pumps have a dynamic range of 1:5000 
with continuous movement, as described in the previous 
sections. But once per stroke their direction has to be 
changed and the rotary valve has to switch (see Fig. 8). 
The pistons must stop for this to happen. The driving sys- 
tem that produces the piston movement then has to catch 
up to the position where it would be if there were no such 
stop time. This requires a five-fold faster movement of the 
pistons — an actual dynamic range of 1:25,000. However, 
with the pistons moving that fast, overshoot has to be neg- 
ligible to guarantee accuracy of flow. This puts great de- 
mands on a drive control system. 

Implementation 

For measuring the position of the motor shaft, an HP 
HEDS-5030 Incremental Optical Encoder was chosen for 
its low additional inertia, high reliability and low cost. 
With 360 slits and three channels, it uses quadrature decod- 
ing to produce 1440 pulses per revolution (i.e., 0.25° angu- 
lar resolution). 

The rotary valve positions are detected by an absolute 



position encoder. Two light sensors on the rotary valve 
sensor board detect every 45° incremental position (0°, 45°, 
90°) of the rotary valve, which moves with a 15° increment 
of rotation. The motor that drives the rotary valve has to 
have an extremely good torque-to-inertia ratio to ensure 
fast switching. A three-phase, size 20, variable-reluctance 
(VR) motor was selected because it both satisfies this de- 
mand and is cheap and reliable. A further advantage of VR 
motors is that they do not produce sparks. This is especially 
important, since some chromatographic solvents can form 
explosive vapors. 

The same motor is used to drive the servo-controlled 
metering pump. However, this motor has only 24 zero- 
torque positions or steps per revolution, but the servo loop 
requires 1440 steps per revolution. To fit in more steps on 
the nonlinear torque-vs-angle curves of VR motors creates 
further demands for the drive control system. A non-di: 
motor also needs to be commutated to determine which of 
the three motor windings the current flows through and at 
what time. 

A PD-type controller controls the servo loop, as shown 
in the simplified servo loop diagram, Fig. 9. Fig. 10 shows 
the electronic block diagram of the SDS. By calculating 
position versus time, the 8041A microprocessor in the LC 
controller controls the velocity of the pistons and therefore 
the flow rate. The electronic elements that create the motor 
commands are contained in the servo control board (SCT). 
The power lo drive the motors comes from the motor driver 
board (MDR). There is one SCT board and one MDR board 
for every metering channel. 

Servo Control Board 

The SCT board is fully digital and can be divided into 
nine functional blocks (Fig. 11); 

■ Quadrature decoder 

■ Actual position counter 

■ Command position register 

■ Velocity detector 

■ Position and velocity error adders 

■ Pulse width modulator (PWM) 

■ Commutator 
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■ Status control logic. 

The quadrature decoder receives the two signals from 
the shaft encoder and produces either an up or a down 
pulse on each quadrature transition. Since the UP and DN 
pulses are synchronized with the clock, no further syn- 
chronization is necessary. 

The UP and DN pulses are counted to determine the abso- 
lute shaft position. A 12-bit coded result is provided by 
the actual position counter. The setpoint data is loaded 
into the command register from the 8041A. 

In addition to position feedback, velocity feedback is 
used in the servo controller, giving it its PD-type charac- 
teristic. The motor velocity is computed by counting the 
number of encoder states over a fixed period of time. The 
velocity feedback goes to the velocity error adder and also 
to the commutator circuitry. 

There are two sets of adders. One is used to derive the 
position error, while the other adds the velocity to the 
position error to produce the motor command word to the 
PWM. 



The PWM contains a set of counters, which are in- 
cremented or decremented depending on the sign of the 
command signal. The counting frequency is 1 MHz, allow- 
ing 32 error states to cover the output duty cycle range of 
0 to 80% at a 25-kHz switching frequency. 

Commutation is accomplished by the use of a ring 
counter that has two subrings and a PROM that contains 
the commutation pattern to be used. The velocity derived 
from the velocity detector provides phase advance for in- 
creased performance and higher speeds. Phase overlapping 
is used to improve the performance of the metering pump 
motor. This means that sometimes current flows through 
two motor windings at the same time. The motor driver 
board (MDR, see Fig. 12) has a current regulator which 
controls the sum of the currents through all motor wind- 
ings. Switching on two phases results in approximately 
half the nominal current through each winding, which re- 
sults in only half the power going into the motor. To com- 
pensate for this, the gain of the motor driver is increased 
by V2. This is done by setting a gain bit (GB| at the com- 
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mutator PROM when phases overlap. 

Motor Driver Board 

Fast response and a linear characteristic are basic require- 
ments for good closed-loop performance. To meet these 
requirements, a switched mode power amplifier is used 
because of its good efficiency. Constant switching fre- 
quency assures no audible noise. No analog input signals 
are used, thereby improving immunity to electrical noise. 
Both VR motors (metering pump and rotary valve) are con- 
nected to the MDR board. 

Since only one motor has to be driven at a time, it is 
possible to switch the power amplifier between the two 
motors. A select signal from the LC controller determines 
which set of control signals has to be used. The selected 
set is connected to the input of the current controller, which 
in turn controls six current regulator switches (one for each 
motor winding) and three phase select switches according 
to the amplifier control logic. The sum of all the currents 
flowing through the phase-select switches is converted into 
a voltage and fed to the current controller. The use of a 
bridge amplifier with current feedback allows very accurate 
control of current through each motor winding and thus 
very precise control of motor movement. 

The output stage is a half-active switched-mode bridge 
amplifier (Fig. 13). Three states are possible. When Si and 
S2 are closed, current flow increases and tries to reach the 
maximum value (I mox ) exponentially. With Si opened, cur- 
rent decreases to zero from the value actually reached, also 
exponentially. During these two states the current can be 
measured as a voltage drop across the sense resistor. With 



both switches open, the current decrease is also exponen- 
tial, but the final value is the negative amount of the 
maximum current. Therefore, current through the windings 
goes to zero faster. 

Two of the input signals to the current controller (Fig. 
12) are the pulse width signal PW (magnitude and fre- 
quency) and the gain bit GB. both from the servo controller. 
The product of these two signals forms the setpoint for the 
current. The difference between the setpoint and the actual 
current is integrated. The polarity of the integrator output 
signal determines the state of the current regulator 
switches. Therefore, the power switching frequency is the 
same as the input pulse frequency. 

System Monitoring 

Beyond their purely functional role, the SDS electronics 
also monitor pressure to prevent damage to any part of the 
liquid chromatograph through which solvent flows after 
solvent delivery. 

High pressure, measured by a strain gauge bridge in the 
damping unit, is amplified by the high-pressure transducer. 
The controller stops the flow if the pressure exceeds a 
user-definable limit. This measurement is also used to de- 
tect high rates of pressure increase. Over 20 bar/second, 
the rate of increase of flow rate is reduced to prevent dam- 
age to the column. 

The measurement of the deflection of the diaphragm in 
the low-pressure compliance is amplified by the low-pres- 
sure transducer. The low-pressure signal is used to reduce 
the flow rate to overcome problems like gas bubbles intro- 
duced into the system. If the low-pressure value reaches 




Fig. 13. Output stage of the motor driver is a half-active switched-mode bridge amplifier The 
switches S1 and S2 are controlled by the amplifier control logic in Fig 12 
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maximum, flow is reduced to zero, since there may be a 
blockage in the high-pressure system. 

Several light-actuated switches are used to detect the 
end position of the metering pump pistons and the rotary 
valve rotor. The metering pump limit and the rotary valve 
sensor produce signals. However, these can be static over 
a long period of time, and a failure of any kind might be 
missed by the LC controller. So all signals are derived from 
a pulse response signal sent back from the light sensors. 
This dynamic check, together with some redundancy in 
the system, enables the electronics to detect component 
failures, short or open circuits, and missing or incorrect 
cables, and to put the system into a safe state when it 
detects a problem. 
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Automatic Liquid Chromatograph Injection 
and Sampling 

by Wolfgang Kretz and Hans-Georg Hartl 



FOR HIGH SAMPLE THROUGHPUT and reduced 
operating costs, a modern liquid chromatograph 
needs automatic sample handling and injection ca- 
pabilities. The HP 79846A Autoinjection Module for the HP 
1090 LC System (Fig. 1) is designed to make sample injec- 
tion easy, accurate, and automatic, thereby freeing the lab- 
oratory staff from routine manipulations. An optional auto- 
matic sampling device, the HP 79847A, makes it possible 
to load up to 100 samples and let the system operate unat- 
tended — for example, overnight. Thus the HP 1090 gives 
the user a choice of sampling modes — fully automatic, man- 
ual loading with automatic injection, or entirely manual. 

Auto Injector Module 

Some of the features of the 79846A Autoinjector Module 
are: 

■ Programmable injection volumes (e.g., from 1 /xl to 25 
/j.1 in 0.1-/xl steps) 

■ Minimized contribution to external bandspreading 

■ Modular design 

■ Works with both the vial swivel arm and the autosampler 
magazines 

■ Programmable flushing of the metering device syringe 
after solvent change and for removing air bubbles 

■ 100% use of the sample 

■ Upgradable for larger injection volumes (maximum in- 
jection volume is 250 /il) 

■ Safety design, e.g., all steps of the injection cycle are 
sensor-controlled. 

Operation 

The 7984BA has four main assemblies (see Fig. 2). They 



are the rotary valve unit, the sampling unit, the metering 
device, and the flushing valve. 

In the normal mode (Fig. 2a) the solvent delivery system 
(SDS) delivers flow to a six-port rotary valve in which a 
sampling unit takes the place of the sample loop. Before a 
sample is loaded, the valve directs the solvent through the 
sampling unit and onto the column. In this mode the system 
is always clean and ready for an injection. 

In the loading mode (Fig. 2b) an air actuator rotates the 




Fig. 1. The 79846 A Autoin/ector, a module ol the HP 1090 
LC System, automatically iniects the sample into the system. 
Injection volumes and Hushing operations are programmable. 
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valve and the flow is bypassed directly onto the column. 
Air pressure lifts the needle and the vial is moved into 
position beneath it. Then the air flow is reversed and the 
needle is lowered into the vial. The programmed injection 
volume is drawn up into the sampling unit by the metering 
device. 

In the injection mode (Fig. 2c) the needle is raised, the 
vial is moved back and the needle is reseated. The rotary 
valve returns to its normal mode position, reconnecting 
the needle loop to the solvent delivery system. All of the 
sample is pumped out of the injector onto the column and 
the analysis is started. 

In the flushing mode (Fig. 3) the syringe plunger is moved 
out of the syringe glass barrel. Then the flushing valve 
directs the liquid flow from the detector cell outlet through 
the rotary valve in the reverse direction through the syringe. 
After flushing is completed, the flushing valve switches to 
its normal mode position and the plunger moves back into 
its initial position. 

Rotary Valve Unit 

The high-pressure rotary valve is a standard six-port 
valve with small internal flow passages combined with a 
fast air actuator. The actuator has two pistons in its cylin- 
der. These alternately push two racks, which rotate a pin- 
ion. A shaft couples the pinion with the rotor of the high- 
pressure valve. This actuator allows switching of the rotary 
vaJve in less than 80 milliseconds, which means that the 
pressure pulse in the LC system caused by valve switching 
is minimized. The valve is adjusted to be leak-tight up to 
400 bar. 

Both end positions are controlled by light-actuated 
switches. 

Sampling Unit 

The sampling unit makes it possible to open the loop by 



means of a needle and seat at the connecting point. The 
stainless-steel needle is moved and guided by a double-act- 
ing air cylinder, which holds the needle firmly in its seat, 
forming a leakproof seal. The design of the needle and seat 
permits good serviceability. 

The small needle diameter reduces dead volume in the 
seat for less peak-broadening. It also reduces evaporation 
of the sample through the vial septum. Both the upper and 
the lower positions are sensed by light-actuated switches. 

In the arm that holds the needle is a vial sensor. If there 
is no vial in an autosampler magazine position, the au- 
tosampler continues without injection to the next vial. 

A user who has no autosampler can work automatically 
with the step-motor-driven vial swivel arm for a single vial. 
If an autosampler is installed, the swivel arm provides one 
additional vial space. When using microviais, the vial in 
the swivel arm is supported in the vertical direction by a 
spring. This provides for injection from small total amounts 
of sample. 

Metering Device 

The variable-volume metering device is the key component 
of the autoinjector. In the standard version (for small injec- 
tion volumes) a gas-tight 25-/il syringe is installed. If a 
larger volume is required, a 250-^tl syringe is available. For 
changing the syringe, no adjustment is required. The 
syringe is moved by a guided driver part with two nuts, 
which are driven by a step motor coupled with a leadscrew. 
To reduce backlash, the two nuts and the shoulder bearings 
of the leadscrew are spring-loaded. To couple the motor 
with the leadscrew, a one-piece coupler is used. 

A light switch senses the initial position. From this po- 
sition, each step draws up 7 nanoliters of sample if a 25-^1 
syringe is installed. This resolution allows injection of as 
little as 0.5 fi\ with acceptable precision. 




Fig. 2. Operation modes during an injection cycle, (a) In the normal mode, the system is ready 
for an injection, (b) In the loading mode, solvent How bypasses the sampling unit while the 
programmed injection volume is drawn out of the sample vial, (c) In the injection mode, the 
sample is pumped out of the injector onto the column. 
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Fig. 3. In the Hushing mode, solvent How is directed through 
the injection syringe in the reverse direction. 

Flushing Valve 

The flushing valve is a solenoid-actuated, low-pressure 
three-port valve. The maximum pressure is 2 bar, which 
means that in case one of the two valve outlets becomes 
plugged, the other opens at this pressure. The effect is 
protection of the detector cell from overpressure. 

Automatic Sampling Device 

In the past, HP autosamplers have been based on a sam- 
ple-chain mechanism. The sample vials are located in the 
links of a chain, which is driven by pneumatic air cylinders 
to move one vial after the other tp the injection point. 

The major goals for (he new HP 79847A Autosampler 
design included a simple, cost-effective mechanism with- 
out pneumatic actuation, more sample vials, and rapid, 
random access to the vials. 

In the HP 79847A. complex mechanical shapes are made 
of injection-molded parts, which are assembled by snap 
connections. The material is PBTP GF for excellent chem- 
ical resistance and good mechanical properties. The 
pneumatic devices of earlier designs are replaced by step 
motors, and instead of the chain there is an X-Y table with 
10 exchangeable magazines, each containing 10 vials (Fig. 
4). This principle allows very rapid random access to every 
sample and the possibility of loading the magazine outside 
the instrument. 

The X-Y table, or carriage, is assembled out of 23 plastic 
molded parts, but there are only three different types. Each 
magazine consists of two plastic molded parts and a plastic 
tube, also assembled by snap connections. The tube at the 
magazine's bottom is used as a spring, holding the inserted 
vials in the correct position. 

In the X direction, the carriage slides on plastic rails, 
driven by a step motor. A cogwheel pressed on the motor's 
axle meshes with a cograil molded on the carriage. 

In the Y direction, the magazines holding the sample 



vials are fixed on the magazine holders which are moved 
by a plastic molded driver sliding on two steel rods. The 
driver's motion is controlled by a step motor via a gear belt. 

The complete sampler is held together by a chassis built 
of sheet-metal parts. The overall design minimizes man- 
ufacturing costs. 

In operation, two numbers are associated with each sam- 
ple vial, the magazine number and the vial number within 
the magazine. A specific sample vial is selected by counting 
the magazine and vial positions while moving. All au- 
tosampler actions are controlled by the central micropro- 
cessor which creates the pattern for the motors and counts 
pulses from various sensors. 

The count pulses giving actual-position feedback are gen- 
erated by four light-actuated switches. Direction control is 
achieved by two sensors, one to give an absolute signal for 
the home position, the other to give the count pulses to 
find the specified position. During positioning, if the ex- 
pected step count is exceeded before reaching the next 
position, the whole procedure is repeated. 

After the sample has been delivered to the injector, the 
carriage is always moved back to its home position to avoid 
position-error accumulation. 

Safety and Reliability 

All electronics in the injector and sampler use low volt- 
age. To protect the operator from injury from moving 
mechanical parts, the 1090 cover must be closed before an 
injection can be started. A drip tray located under the auto- 
injector collects any leaking solvent and channels it to a 
waste outlet. A leak sensor in the tray generates an error 
message when leaking solvent is detected. All injection cycle 
steps are sensor-controlled. For each step, a preset time is 
allowed. If any step takes too long or fails, it causes an 
aborted injection and displays an error message. Low air 
pressure is sensed by a pressure switch. In this case an 
injection is not possible and an error message is generated. 
A pressure relief valve protects the autoinjector in case 
of excessive air pressure. The solenoid valves controlling 




Fig. 4. The 79847 A Autosampler provides rapid random ac- 
cess to 100 sample vials. 



APRIL 198<t HEWLETT-PACKARD JOURNAL 23 



© Copr. 1949-1998 Hewlett-Packard Co. 



both the rotary valve and the sample unit are latched valves. 
This means that in case of a power failure the needle and 
rotary valve stay in their home positions. 

To ensure autoinjector reliability, all dynamically stressed 
parts and the whole autoinjector module were tested ex- 
tensively in life tests. Critical parts were redesigned and 
tested again. All solvent-wetted parts are made from corro- 
sion-resistant materials. 

In case of a failure, a set of instructions, executable only 
in the diagnostic state, allows stepwise execution of the 



injection sequence. Control is exercised and error messages 
are displayed by the HP-85 '.omputer. 
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Mobile Phase Preheater Ensures Precise 
Control of LC Column Temperature 



by Helge Schrenker 



THE USE OF CONVENTIONAL air-bath thermostats 
as a means of controlling column temperature in 
high-performance liquid chromatography is limited 
to a relatively narrow temperature range if full column 
efficiency is to be maintained. Particularly at high air-bath 
temperatures, large axial temperature gradients in the col- 
umn occur, which are detrimental to column performance. 
This has been demonstrated by many experiments.' 

In the HP 1090 Liquid Chromatography a new type of 
column thermostat, including a highly efficient, small-vol- 
ume mobile phase preheater, is used. Suitable adjustment 
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Fig. 1. Calculated temperature profiles in the combined sol- 
vent and air heater for a flow rate of 5 ml/min. 



of the heat transfer in the mobile phase heater and the air 
heater results in nearly identical temperatures of the mobile 
phase entering the column and of the air flowing around 
the column. Thus axial and radial temperature gradients 
in the column are minimized, leading to a marked improve- 
ment of column performance at elevated temperatures. 

Importance of Column Temperature 

Column temperature has become increasingly accepted 
as a separation parameter in high-performance liquid chro- 
matography (HPLC). Consequently, the means of maintain- 
ing a constant column temperature is now also considered 
to be an important aspect of HPLC instrument design. 

The influence of temperature can be significant. Because 
its effect is dependent on the substances to be separated, 
column temperature can be an important means of optimiz- 
ing separation selectivity. Chmielowiec and Sawatzky 2 
published retention data for polynuclear aromatic hydro- 
carbons (PAHs) showing reversal of the elution order in 
some instances when the temperature was changed from 
10° to 55°C. 

The influence of temperature on column efficiency (plate 
height)* is mainly determined by the relationship between 
temperature and the diffusion coefficient of the solutes in 
the mobile phase, and between temperature and the solute 
mass transfer in the mobile and stationary phases. Accord- 
ing to Melander and Horvath 3 , the plate height in reversed- 
phase HPLC may decrease by 30% if the column tempera- 
ture is increased from 15° to 72°C. 

Design Considerations 

The column thermostat system for the HP 1090 is de- 
signed to meet the following requirements: 

•Ptale theory asserts lhat the chromatographic column works like a distillation column 
Chromatographic columns are considered as consisting ot a number ot theoretical plates, 
each performing a partial separation ol components. 



24 HEWLETT-PACKARD JOURNAL APRIL 1984 



© Copr. 1949-1998 Hewlett-Packard Co. 



a 



N 
N 
70 
50- 



50 



40 



30 



20 



4 ml min 
2 ml mm 



4 ml mm 
2 ml mm 



0 2 4 6 8 10 12 14 16 18 20 (cm) 



Sensor Positions 



Fig. 2. Temperatures measured in the column 1.5 cm from 
the inlet and outlet and in air close to the column wall, using 
the combined solvent-plus-column thermostat Temperatures 
lor different flow rates and temperature setpoints vary by 
1.5'C or less 

■ Axial and radial temperature gradients in the column 
bed should not exceed 1 to 2°C 

■ Variation of the column flow rate in the range 0 to 5 
ml/min must not result in temperature changes in the 
column bed of more than 1 to 2°C 

■ Injection of large sample volumes must not cause (tem- 
porary) temperature instabilities in the column bed of 
more than 1 to 2°C 

■ No part in a column thermostat must exceed a tempera- 
ture of 180°C (the spontaneous ignition temperature of 
diethyl ether is 186°C and that of n-heptane is 247°C). 
Preheating of the mobile phase before it enters the col- 
umn to avoid large temperature gradients in the column 
bed has been suggested previously. 4 '' However, the volume 




Fig. 3. The column compartment of the HP 1090 LC System 
is large enough to accommodate most column conligurations. 



of such preheater columns necessitates their use upstream 
of the sample injector. Hence a decrease in the temperature 
of the mobile phase may result from the injection device, 
which is usually at room temperature. Injection of large 
sample volumes would result in a temporary disturbance 
of the temperature equilibrium in the column- 
New Thermostat Design 

To avoid the problems of previous preheater designs, the 
HP 1090 uses a small-volume (<2 /j.1) heat exchanger be- 
tween the injector and the column. This was made possible 
by the discovery that, in very narrow tubes, heat transfer 
from the tube walls into liquids flowing at subcritical 
Reynolds Numbers is significantly higher than the theoret- 
ical values for laminar flow. 

To ensure nearly identical temperatures of the column 
environment (and thus of the column walls) and of the 
mobile phase liquid at the outlet of the preheater capillary, 
the capillary heating block is designed to function simul- 
taneously as the air heater of an air thermostat (column 
oven). Hence its surface is shaped such that recirculated 
air flowing across it at a given velocity and surface temper- 
ature is heated or cooled just enough to replace the heat 
loss through the oven walls. Thus the air temperature and 




1 

Time (mm) 



1 

Time (min) 



Fig. 4. Examples of chromatograms from a column-only ther- 
mostat (left) and from a solvent-plus-column thermostat 
(right). Column 100 x 1.6 mm with 5-fi/n ODS Hypersil parti- 
cles Solvent: 70% acetonitrile. 30% water Flow rate: 3.8 mil 
mm Sample: (1) aniline. (2) benzo(a)anthracene, (3) 1,2.5,6- 
dibenzanthracene dissolved in mobile phase. Injection vol- 
ume 5 ii) Thermostat setting B0°C. UV detector (254 nm), 
0.128 A.U. lull scale Chart speed 1 in/mm 
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the mobile phase temperature (entering the column) are 
nearly identical. Fig. 1 illustrates this for certain operating 
conditions. The surface temperature of this combined sol- 
vent and air heater is measured and controlled by a suitable 
device. 

A stainless-steel tube is also die-cast into the aluminum 
block (parallel to the heating element) for circulating cool- 
ing fluid, so that temperature control of the solvent and 
the column can be extended to ambient and subambient 
temperatures. 

Fig. 2 shows measured temperatures in the column for 
different flow rates and temperature setpoints. Tempera- 
ture differences between column inlet and outlet are 1.5°C 
or less. 

Column Compartment 

The HP 1090 column compartment (Fig. 3) is insulated 
from the instrument and the outside world, but is close to 
the injector and the detector. It is large enough to accommo- 
date most column configurations — for example, it will hold 
five 300xl0-mm O.D. GPC (gel permeation chromatogra- 
phy) columns and a switching valve. 

The heated column compartment equalizes the temper- 
ature of the mobile phase and the column. The injector 
delivers mobile phase through a 0.15-mm I.D. capillary 
embedded in the heat exchanger. The capillary volume is 
only 2 n\. A fan underneath the compartment drives air 
around and over the heat exchanger, ensuring that the col- 
umn temperature exactly matches that of the mobile phase 



entering the column. The temperature of the column bed 
is independent of flow rate and sample size. 

For reproducibility of retention times, the thermostat 
controlling the heat exchanger maintains a temperature 
precision of ±0.6°C. No part of the heat exchanger has a 
temperature greater than 140°C,an important safety consid- 
eration when using flammable solvents. 

Results 

Fig. 4 shows examples of chromatograms from a column- 
only thermostat and a solvent-plus-column thermostat 
under otherwise identical chromatographic conditions. The 
effect of the new thermostat on peak definition is marked, 
except on early peaks, where extracolumn band broadening 
is the dominant effect. • 
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A Low-Cost LC Filterphotometric 
Detection System 

by Axel Wiese, Bernhard Dehmer, Thomas Dorr, and Giinter Hoschele 



A COMMON TYPE of detector for liquid chromatogra- 
phy is the UV/Vis (ultraviolet/visible) absorbance 
detector. Light of known spectral characteristics is 
directed to a flow cell where it passes through the liquid 
coming from the column. A photodiode is used to measure 
the light absorbed by the sample. A plot of absorbance 
versus time is the chromatogram. the desired result of the 
analysis. 

Of the two UV/Vis detectors available for the HP 1090 
LC System, the lower-cost detector is the HP 79881 A Filter- 
photometric Detector. The other, a diode array detector, is 
described in another article in this issue. 

The filterphotometric detector offers more flexibility and 
better detectability and selectivity than other detectors in 
its class. Generally, low-cost absorbance detectors offer a 
manual change of lamps (zinc, cadmium, mercury, etc.) or 
filters, but wavelength switching during an analysis or se- 



quence is not possible. Programmable detectors use a mov- 
ing grating or moving photodiodes and are relatively expen- 
sive. Our challenge was to provide an economical means 
of fast wavelength switching for UV/Vis detection, together 
with full programmability. In addition, compatibility with 
high-speed LC and microbore LC was required, so we had 
to minimize peak broadening by designing the proper 
geometry for a low-volume flow cell. 

Optics 

The 79881 A Detector shines light from a deuterium lamp 
through an eight-position filter wheel, splits the beam into 
reference and sample channels, and uses two photodiodes 
for detection. 

A deuterium gas discharge lamp was chosen as the light 
source for its continuous spectrum of light from 190 to 600 
run. For applications that do not need full detectability, 
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Deuterium Lamp 




the lamp's anode current can be switched from high (450 
mA) to low (300 mA). This increases the typical lifetime 
of 500 hours to approximately 1000 hours, with an accom- 
panying reduction of energy emission, which is wave- 
length-dependent and is significantly higher for wavelengths 
in the ultraviolet range than for visible light. 

The complete 79881A optical system, shown in Fig. 1, 
contains several components whose functions are perhaps 
best explained by following the beam through the system. 
Light leaving the lamp (1-mm circular object) is collected by 
a planoconvex lens and transmitted through an aperture 
which minimizes stray light. Interference filters transform 
the light into monochromatic light. There are seven of these 
filters on a filter wheel, which is turned by a step motor to 
one of eight positions. The eighth position blocks the light 
and is used for dark current measurements. Standard filter 
wavelengths are 210, 230, 250, 280, 340, 430, and 540 nm. 
and other filters are available. The bandwidth of these mono- 
chromators is approximately 10 nm and they have a transmit- 
tance of about 25% in the UV range and about 50% in the 
visible range. The maximum allowable light in the blocking 
areas is less than 0.001%. 

The beam passes through a second aperture and is then 
focused such that any chosen wavelength is in focus within 
the flow cell. The beamsplitter divides the light beam into 
sample and reference beams with a ratio of 2:1. Splitting is 
accomplished by small aluminum areas on the surface of a 
quartz disc; these act as small mirrors. With this design, the 
split ratio is wavelength-independent. 

Light fallingontothe photodiodes (which have enhanced 
sensitivity to UV) generates photocurrents depending on 
the light intensity. These currents are converted into volt- 
ages by operational amplifiers. The optical unit casting 
contains all of the optical items (lens systems and 
beamsplitter) as well as the filter wheel assembly and the 
two photodiode assemblies, which are mounted on 
preamplifier boards. The deuterium lamp is located in a 
separate compartment attached to the casting to allow good 
heat dissipation. 



Theoretical Background 

The basic equation for absorbance detection is the Lam- 
bert-Beer law. 



A = Ex DC = log 

'samp 

\ = absorbance in 



A 


= absorbance in absorbance units ( A.U.) 


e» 


= extinction or molar absorption coefficient 


D 


= path length (mm) 


C 


= solute concentration 




= photocurrent reference signal 


Uamplo 


= photocurrent sample signal 




= photocurrents produced by stray light 


I2.I2 


= additional offsets produced by the pre- 




amplifiers 


I3.I3 


= dark currents. 




Fig. 2. Cutaway view ol the How cell. Holes as small as 400 nm 
are drilled with ±25 fim precision. 



APRIL 1984 HEWLETT-PACKARD JOURNAL 27 



© Copr. 1949-1998 Hewlett-Packard Co. 




One of the most important limitations is the I J photo- 
current produced by stray light. There are three types of 
stray light: 

■ Light coming from the outside (normally in the visible 
range) 

■ Light produced by internal reflections and striking the 
diode without going through the cell 

■ Light produced by the "monochromator" at wavelengths 
other than specified. 

The last item is the main limitation on detector linearity. 
Roughly we can say that stray light has to be less than 
1/1000 of the sample light to have a linear relation between 
absorbance and concentration up to 1.5 A.U. with an error 
less than 1%. If we increase the bandwidth of the mono- 
chromator, additional nonlinearities deteriorate the analyt- 
ical result. 

Flow Cell 

Low-volume columns generate low-volume peaks. The 
flow cell has to preserve the separation efficiency by having 
a low volume itself. At the same time, the path length needs 
to be as long as possible, because it is proportional to de- 
tectability. The 79881 A's flow cell (Fig. 2) has an optimized 
combination of 4.5-/41 volume and 6-mm path length. 
Baseline drift, especially with gradient analysis, is strongly 
influenced by the refractive index sensitivity of the flow 
cell. The precisely machined conical shape of the cell 
(which matches the path of the light rays) and optimum 
imaging despite chromatic errors ensure that these effects 
are minimized. 

In designing the flow cell mechanics we had to look for 
some new ways to achieve high reliability, easy serviceabil- 
ity, and lower assembly cost. High-precision mechanical 
parts were developed to join chemical fluidics and optical 
alignment. Maintenance is a matter of easily removing and/ 
or disassembling the cell. The spring-loaded closed system 
(Fig. 3) provides its own clamping force and can be inserted 
or removed with only one hand. 
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The cell window (quartz) and a spring are mounted 
within a hollow slot bolt, which is screwed down to the 
stop cap for sealing the flow cell. A beryllium copper micro 
spring (see Figs. 3c and 4) was designed that allows reason- 
able tolerances and the setting of the seal. It clamps the 
window and braces itself in the slot bolt when mounted. 
This allows maintenance by standard tools when the win- 
dows have to be changed or cleaned. 

Fabrication of the flow cell requires high-precision 
machining within tiny dimensions. Only by special fine- 
drilling machines and processes for conserving the tools 
can reproducible fabrication be ensured. The most severe 
problem is to position the light input hole (inner diameter 




Fig. 4. A beryllium copper micro spring (left) holds the beam 
splitter in the lens housing. It is used in other locations as 
well. Another beryllium copper micro spring (right) holds the 
How cell window. Top to bottom are the top view of the flow 
cell micro spring, the raw spring, and the bottom view of the 
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Beam Splitter 



Spring 

Fig. 5. Lens housing, showing location of micro spring. 

0.6 mm) and the light output hole (inner diameter 1.2 mm) 
with a precision of ±20 nm. 

Wherever feasible, easy mechanical connections such as 
snap-in devices or spring clamping have been used. A spe- 
cially designed beryllium copper spring, shown in Fig. 4. 
is used at several locations for quick assembly and shock 
protection. For example, in the lens housing (Fig. 5), it 
holds the beam splitter, a coated quartz disc. 

Data Acquisition 

Fig. 6 is a block diagram of the data acquisition and 
processing circuits of the filterphotometric detector. 

The reference and sample photodiodes each create at 
most a 10-nA photocurrent signal, which has to be trans- 
formed into an equivalent data word. With a rise time of 
100 ms, the analog output bandwidth is about 3 Hz. 

The photodiode current is first converted to a voltage by 
a preamplifier stage, then converted to digital form and 
sent to the Z80A processor on the filter detector processor 
board, where absorbance is computed. The absorbance data 
is converted to analog signals for output to recorders or 
chromatographic integrators. 

The range of the analog-to-digital converters (ADCs) and 
the digital-to-analog converters (DACs) is determined by 
the required noise figure of the converting electronics, which 
has to be a fractional part of the system noise. The limiting 
noise of the system is the photodiode shot noise, and the 
current noise of the preamplifier stage should be less than 
the diode noise. Thus the preamp was the most noise-crit- 
ical design problem. 

For slow precise conversions in the millisecond range 
we use dual-slope integration. Charge on the integrating 
capacitor is proportional to the input signal. At the end of 
a fixed integration period the capacitor is discharged at a 
constant rate by a constant-current source. During the dis- 
charge time, a count clock is allowed to go into a 16-bit 
counter. When the capacitor is discharged completely, the 
constant-current source is switched off and integration 
starts again. Discharge time is proportional to the input 
signal level. Since a single conversion cycle with a dynamic 
range of 65,000 would require an expensive design, the 
cycle is divided into 64 conversions and the results are 
added. This also makes the conversion less noise sensitive. 
The capacitor voltage goes through zero more steeply, so 
comparator hysteresis and threshold noise are not critical, 
and low-cost components can be used. 

After one complete cycle, the data is buffered into the 
processor. The two ADC channels are fed separately into 
the processor module. 



Data Processing 

Detector control by the filter detector processor board is 
based on a Z80A microprocessor working at a clock rate 
of 3.9 MHz. This processor uses 8K bytes of EPROM and 
2K bytes of RAM. Some memory-mapped interface hard- 
ware connects the processor to the ADC/DAC section, to 
the step motor hardware, and to the lamp power supply. 
There is also hardware for data input and output, for selec- 
tion of the filter wheel position, and for lamp control. Pa- 
rameter setting and detector operation are externally con- 
trolled via the 1090 mainframe controller. Communication 
with this controller is accomplished over an interface be- 
tween the detector bus and the 1090 I/O bus. No data is 
transferred, only status and control information. 

Data delivered to the Z80A from the ADCs at a rate of 
90 Hz is corrected for offset, filtered, and compressed to 
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Fig. 6. Signal processing circuits ol the UV filterphotometric 
detector. 
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Fig. 7. An autobalance function allows titter changes 
during a run within two seconds, as shown in the lower 
chromatogram 

reduce data rate. Further processing of the two channels 
is done at a rate of 45 Hz. Two filtering operations can be 
used to obtain rise times of 400 ms or 800 ms. or they can 
be bypassed for a rise time of 100 ms. The logarithm of the 
data is taken, absorbance is calculated, and a balancing 
operation is done, subtracting the zero-balance value from 
the raw absorbance value. For test reasons the data path 
from the first filter stage to the balance stage can be by- 



passed to get an intensity signal at the DAC outputs. 

The last step is to convert the digital data to an analog 
output proportional to absorbance, depending on the pa- 
rameter settings for attenuation and zero offset. This is 
done in a ten-bit monolithic DAC for the recorder output, 
and in a two-part 18-bit DAC for the integrator output. For 
the latter conversion, the digital signal is first converted 
to a pulse width modulated signal, a square wave whose 
duty cycle varies between 0 and 100%. This is fed to a 
current switch, which works into the virtual ground of a 
fifth-order filter configuration. The filter attenuates the fun- 
damental frequency of the square wave by 100 dB to meet 
the system noise requirements. 

Self-Calibration and Test 

The filter photometric detector offers self-calibration. An 
important part is the autobalance function, which allows 
filter changes during a run within two seconds and without 
baseline offset (Fig. 7). Self-calibration also includes mea- 
surement of offset correction values and calculation of 
some thresholds, which are used to check the lamp inten- 
sity for finding the reference position of the filter wheel 
and controlling the lamp ignition. 

Several problems concerning the lamp, the filter wheel, 
or the data path can be detected by the processor software. 
These error conditions, including information from the 
leak sensor, can be communicated to the 1090 mainframe 
controller. 

Detector Control 

The variables for control of the filterphotometric detector 
appear in the detector method and auxiliary displays of 
the HP-85 system controller. The variables in the detector 
method display are part of the current method, which can 
be stored on a tape cartridge or flexible disc. 

On the detector method display the user can set the po- 
sition of the filter wheel, control the zero offset and attenu- 
ation of the recorder output, set the rise time of the inte- 
grator and recorder outputs, and set the anode current of 
the deuterium lamp. On the auxiliary display the user can 
switch from the absorbance signal to the direct signals from 
the sample or reference photodiodes. 
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A High-Speed Spectrophotometric LC 
Detector 

by Joachim Leyrer. Giinter E. Nill, Detlev Hadbawnik, Gunter Hdschele, and Joachim Dieckmann 



DURING THE PAST FIFTEEN YEARS, high-perfor- 
mance liquid chromatography (HPLC) has become 
one of the major analytical techniques for the analy- 
sis of complex mixtures of chemical compounds, such as 
plant extracts, pharmaceutical formulations, or certain 
drugs in human body fluids. In the course of this successful 
history, all components of the liquid chromatograph con- 
tributing to instrument performance underwent rapid de- 
velopment. In recent years, special emphasis has been 
placed on the detector area, because this part of the system, 
which monitors the separated compounds of a mixture, 
strongly contributes to the selectivity and sensitivity of the 
analytical method. 

A variety of physical and chemical principles are applied 
in HPLC detectors. These include absorption of ultraviolet 
(UV). visible (Vis), and infrared (IR) light, measurement of 
refractive index, fluorescence, electrochemical phenomena 
(conductivity, amperometry,* voltametry.* polarography). 
mass spectrometry, and specific chemical reactions. Some 
of these principles offer distinct advantages for specific 
applications or application areas. For example, fluores- 
cence and polarography offer extremely high selectivity 
and sensitivity while refractive index measurement offers 
nonselectivity and thus general applicability. 

UVVis Detection 

A good compromise, offering medium to high sensitivity 
combined with excellent selectivity, signal stability, and 
easy handling, is the UV/Vis absorbance detector, which 
measures the absorbance A of the solution of a chemical 
compound in the detector cell. According to the Lambert- 
Beer law, 

A = e x CD, 

under certain conditions the detector signal is proportional 
to the length I) of the detector cell, the concentration C of 
the absorbing compound, and the molar absorption coeffi- 
cient c A for light of a certain wavelength (Fig. 1). Therefore, 
a UV/Vis detector can be used not only to detect that some- 
thing is eluting from the chromatographic column (qualita- 
tive analysis), but also to determine the unknown concen- 
tration of a compound (e.g., a drug in blood) if in a previous 
run a calibration has been made by injecting a known con- 
centration of the compound of interest (quantitative 
analysis). The first UV/Vis detectors operated at fixed single 
wavelengths using light sources that had narrowband emis- 
sion characteristics and optical filters. The fact that light 
absorption at a certain wavelength strongly depends upon 

"Ampefomeliy and voltametry are electrochemical detection methods m which electrical 
charge is translorred between a sample and an electrode (as m a battery), and the current 
or voltage produced is measured 



the chemical structure of a compound definitely limits the 
versatility of this type of detector and led to the develop- 
ment of variable-wavelength detectors offering different de- 
tection wavelengths, selectable from polychromatic light 
by means of filters or a monochromator grating. For exam- 
ple, the HP 79881A described in the article on page 26 is 
a variable-wavelength detector in which the wavelengths 
are selected by filters. These detectors significantly en- 
hance the versatility, selectivity, and sensitivity of UV/Vis 
detection in HPLC. but they are not able to help determine 
the chemical identity or structure of an eluting compound. 

Information about the chemical nature of a compound 
can be derived from its UV/Vis spectrum — absorbance as 
a function of wavelength — measured under standard con- 
ditions. The HP 79875A scanning variable-wavelength de- 
tector in the HP 1080 LC was the first commercial instru- 
ment of this type. However, the eluant flow in the system 
had to be stopped to record accurate spectra under static 
conditions. Loss of time and quantitative data were the 
price paid for structural information and strongly limited 
application of the system to very specific problems in chro- 
matographic method development. 

The need for correlation of the qualitative and quantita- 
tive aspects of UV/Vis detection and recent developments 
in HPLC column technology led to the formulation of the 
following development objectives for a new detection sys- 
tem for the HP 1090 LC: 

■ Instant spectral scanning (no need to stop the chromato- 
graphic flow) 

■ Simultaneous acquisition of chromatographic signals in 
up to eight wavelength ranges 

Detector Cell 



log^= A = F.CD 

i„ = Incident light Intensity 
I = Transmitted light intensity 
A = Absorbance 

F A = Molar absorptivity at wavelength A 
C = Molar solute concentration (moles liter) 
D = Cell path length (cm) 

Fig. 1 . The HP 1040A HPLC Detection System measures the 
tight absorption of a liquid in the detector cell to determine 
solute concentrations The Lambert-Beer law relates absor- 
bance to other parameters 



APRIL 1984 HEWLETT-PACKARD JOURNAL 31 



© Copr. 1949-1998 Hewlett-Packard Co. 




Holographic Grating 

Fig. 2. Schematic diagram of the HP 1040A optical system. 
Light passing through the sample is dispersed by a holo- 
graphic diffraction grating and imaged on an array of 205 
photodiodes, each covering a 2-nm wavelength range. Thus 
the spectral light intensities over the wavelength range from 
190 to 600 nm are measured simultaneously. Six other diodes 
on the 21 1-diode array are used for other measurements. 

■ Optimization of data rates to meet the speed and sensitiv- 
ity requirements of high-speed liquid chromatography 

■ Optimization of hydrodynamic properties for h igh-speed 
and microbore liquid chromatography. 

These objectives guided the development of the HP 1040 A 
Spectrophotometry Detector, a stand-alone diode array de- 
tection system for operation with any liquid chromato- 
graph. It is also available as the HP 79880A, one of the 
integrated detector modules of the HP 1090 LC family. 

System Overview 

Fig. 2 gives a simplified overview of the HP 1040's optica] 
design. Polychromatic light emitted by a deuterium lamp 
is focused into the detector's flow cell by an achromatic 
lens system. After dispersion* of the light beam on the 
surface of a diffraction grating, the spectral light intensities 
over the whole wavelength range from 190 to 600 nm are 
measured "simultaneously" by a linear 211-element photo- 
diode array, which is read every 10 ms. By repetitive mea- 
surements, a three-dimensional matrix is generated show- 
ing absorbance data as a function of wavelength and time. 
Such a 3-D matrix is shown in Fig. 3. together with a 
chromatographic signal (absorbance vs. time) which can 
be used for quantitation of a compound, and a spectrum 
(absorbance vs. wavelength) which provides qualitative, 
structural information. The data acquired can be monitored 
on-line on the CRT of the HP-85 system controller and/or 
stored on raw data files to be further tailored to the user's 
needs by post-run data evaluation. 

Contributions and Key Applications 

The following application examples show some of the 

"In Irtis article, dispersion Is the diffraction of a light beam so thai !ho diffraction angle 
vanes with wavelength, thereby separating the beam's component wavelengths m space 
Dispersion in an LC syslem. by contrast, 15 the broadening of the chromatographic peaks 
by dilution, diffusion, and syslem imperfections. 



possibilities offered by the HP 1040A. Dealing with often 
complex mixtures, the main questions that have to be 
answered during the development of a chromatographic 
method are: 

■ Where in the chromatogram (at which retention time) 
does the compound that has to be quantified elute? 

■ Is this peak pure, that is, does it represent only one 
chemical species? 

In the past, time-consuming analytical techniques had to 
be used to find answers to these questions. 




Chromatogram 




Fig. 3. By repetitive measurements, the HP 1040 A generates 
absorbance data as a function of wavelength and time. 
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Fig. 4. -4 typical chromatogram lor which peak purity is to 
be determined 

The quantitative determination of caffeine in beverages 
like coffee, tea, or cola illustrates the approach taken with 
the HP 1040A/79880A HPLC Detection System. The 
chemist chooses appropriate stationary and mobile phases 
and generates a chromatogram like that shown in Fig. 4. 
Peak purity can be proven by automatically taking spectra 
during the elution of the peak of interest at the peak's apex 
and its inflection points. Fig. 5 illustrates the technique of 
superimposing these three spectra after normalization, thus 
confirming peak purity. If the peak is not pure, the spectra 
will not coincide. The peak's chemical structure can be 
identified by comparing the spectrum of a caffeine standard 
with the spectrum of the unidentified peak taken during 
its elution from the chromatographic column. The result 
would show that this peak in fact consists of caffeine only. 
Thus, after two chromatographic runs, the method has 
proven its analytical relevance. Calibration with a standard 
solution of pure caffeine prepares the instrument for quan- 
titative measurements. 

Simultaneous high-speed signal acquisition at different 
wavelengths also ensures the detection of all components 
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Fig. 5. Peak purity is confirmed by superimposing normalized 
spectra taken at the peak's apex and its inllection points. II 
the peak is not pure, the spectra will not coincide. 



1 



350. 20nm 
Flovonoids 



JL 



310. inm 

Phen. Carbonic 

Acids 



217. 4nm 

Cardenol i ds 




Fig. 6. Selective detection ol active compounds in a plant 
extract by selecting wavelengths. 

of a complex mixture (universal detection). On the other 
hand, when using an individual narrowband signal, certain 
compounds can be suppressed so that others can be de- 
tected with high selectivity. Fig. 6 demonstrates this feature 
in the analysis of a plant extract in which the active species, 
flavonoids, cardenolids, and phenolic carbonic acids, have 
been detected selectively. 

The features illustrated here and a variety of others are 
expected to open broad application areas for the HP 1040 A/ 
79880A Detection System, ranging from the analysis of 
pharmaceutical formulations, general chemical products, 
and environmental pollutants to clinical and biomedical 
methodology, thus contributing to such exciting new de- 
velopments as, for example, genetic engineering. 

Optical and Mechanical Design 

The 1040A is a high-speed on-line spectrophotometric 
detection system dedicated for low-dispersion chromatog- 
raphy. A simple optical configuration with a minimum of 
components was one of the main design goals to ensure 
high reliability and low cost of ownership. Another design 
goal was a reasonable tradeoff between spectral resolution 
and light throughput to achieve high signal-to-noise per- 
formance for high detectability. The objectives of the 
mechanical design were to eliminate optical adjustments 
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Grating Equation: sin n, -sin fl = — 



Radial Focus 



(I = Incidence Angle 

a, = Diffraction Angle „ 

a = Grating Constant 

A, = Wavelength 

(a) (b) 

Fig. 7. (a) Basic geometry of the holographic grating, (b) Tangential and radial local lines are 
the lines in space where the diffracted image ol the entrance slit is best in focus. 



by the customer and to provide easy exchangeability of 
parts (cell, lamp) and extensive diagnostics to make the 
instrument user-friendly. For low production costs, optical 
bonding and high-precision NC machining are im- 
plemented in the mechanical design. 

Illumination System 

The flow cell volume of 4.5 and the path length of 6 
mm are predetermined by chromatographic requirements. 
A conical longitudinal cross section was chosen to give 
the lowest possible optical dead volume, that is, to give 
the best possible cell shape for light to travel through (best 
fit to the optical rays). The diameter of the entry window 
of the flow cell is limited by the ultrasonic drilling process 
to a minimum of 0.6 mm. Given this number and the optical 
geometry, the diameter of the rear cell window can be 
calculated as 1.3 mm. 

From the cone angle of the cell, the maximum allowable 
aperture of the illumination system can be determined. 
The other determining parameter of the illumination sys- 
tem is the scaling factor for the image of the light source. 
This factor is not only limited by the diameter of the entry 
cell window, but also depends on the dimensions of the 
diodes of the diode array and on the dimensions of the 
spectrometer entrance slit. 



Slit Plane Image Plane 




Tangential in Focus Radial in Focus 



Fig. 8. Intensity distributions ol the slil image in the plane of 
the diode array for a particular wavelength, illustrating tangen- 
tial and radial focus. 



The diode array consists of 211 individual diodes with 
a center-lo-center spacing of 61 fim. Each diode is 0.5 mm 
high. Only 205 diodes are used for measuring the 
wavelength range from 190 to 600 nm. Two additional 
diodes on each side of the 205 are used for wavelength 
calibration. As a tradeoff between spectral resolution and 
high light throughput, the spectrometer entrance slit is 
made twice as wide as a single photodiode. 

An optimum fit of the illumination system to the flow 
cell geometry means matching the aperture (solid angle 
matching) and the imaging factor in such a way that the 
light source image just covers the spectrometer entrance 
slit (field matching). In this way, reflections at the cell 
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Fig. 9. Intensity distributions of the slit image for pairs of 
diodes at different points in the diode array, corresponding 
to different wavelengths. 
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walls (refractive index sensitivity) are eliminated and 
maximum light throughput is guaranteed. Both of these 
demands can be perfectly fulfilled by the use of two imaging 
elements. Aperture and field stops can be changed indepen- 
dently. Such an illumination system is very flexible and 
is easily adapted to different cell geometries. However, 
since the principal goal in the design of the 1040 A optical 
system dictated a minimum of optical components and a 
nonmodular cell concept, an illumination system with only 
one imaging element was chosen. To ensure a high light 
flux, computer-aided ray tracing was done for optimum 
aperture matching. Because of this tradeoff between aper- 
ture and field matching, the resulting imaging factor is 
below its theoretical optimum. The entrance slit is not fully 
illuminated in the longitudinal direction. 

Spectrometer 

The concave holographic diffraction graiing is the only 
optical component of the spectrometer, providing both dis- 
persion and imaging. Fig. 7a shows its basic geometry. 

Conventionally, the imaging properties of a grating are 
characterized by the so-called focal lines, the lines in space 
where the diffracted image of the entrance slit is best in 
focus. The astigmatism caused by the off-axis configuration 
is the main imaging error. The focal lines are calculated 
for two perpendicular planes corresponding to the direc- 
tions of slil width and slit height. The distance between 
these focal lines — the astigmatic difference — is a quality 
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Fig. 10. The dispersion of the holographic grating is non- 
linear, as shown here The diode array position corresponds 
to a best lit linear regression through the tangential focal line. 
x is the coordinate along the photodiode array 
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Fig. 11. Absolute wavelength error resulting from nonlinear 
dispersion is less than 0.5 nm. Specification is ± 1 nm. 



criterion of the grating (Fig. 7b). 

In the 1040A design, the main problem was to achieve 
the best possible fit between the focal lines and the linear 
diode array. Fig. 8 shows the intensity distributions of the 
slil image for a certain wavelength in the plane of the diode 
array. For two reasons, the tangential focal line has higher 
priority than the radial focal line in the optimization pro- 
cess. The first reason is to minimize spectral crosstalk. The 
second is that even if the image is radially out of focus, all 
of the light falls on the diode anyway, since the entrance 
slit is not fully illuminated in the height direction. 

Since the focal lines are only qualitative and relative 
criteria for the imaging properties of the grating, the tangen- 
tial intensity distribution of the spectral slit image was 
calculated. Intensity distributions were generated for vari- 
ous wavelengths from the spot images of object points along 
the entrance slit contours (see Fig. 9). The diode array 
position corresponds to a best-fit linear regression line 
through the calculated tangential focal line. 

Dispersion 

The desirable linear dispersion factor corresponding to 
the wavelength domain 190 to 600 nm using 205 diodes 
spaced 61 /xm apart is easily calculated as 2 nm per 61 ^m. 
From the basic grating equation (see Fig. 2), it is obvious 
that the diffraction angle is not a linear function of 
wavelength. Deviation from linear dispersion as a function 
of wavelength is shown in Fig. 10. Tracing a linear regres- 
sion line with a slope of 2 nm/diode through the x = x(a) 
curve, the wavelength error can be calculated (see Fig. 11). 
This error is the difference in x between a linear assignment 
of wavelength to diode number and the real relationship 
of wavelength to diode number. The maximum wavelength 
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error of 0.5 nm can be tolerated, since the instrument 
specification is ^1 nm. 

Using the optimization possibilities of the holographic 
recording technique, the imaging properties and the disper- 
sion of the grating are fitted to the predetermined geomet- 
rical dimensions of the diode array. The grating is produced 
by replication and has a blazed groove profile optimized 
for a wavelength of 250 nm in the +lst diffraction order. 

Adjustment and Mounting of the Grating 

The optical axis of the grating is concentric (±0.02 mm) 
with the axis of the substrate, which means that to a good 
approximation the mechanical axis corresponds to the op- 
tical axis. There remain four degrees of freedom in which 
adjustments have to be done. To provide a noniterative 
adjustment process, the rotation axes intersect at the apex 
of the grating. The grating is adjusted with a special tool 
to the required precision and is bonded into the optical 
unit. A mercury lamp is used for wavelength adjustment 
of the grating, and the calculated intensity distributions of 
the slit images corresponding to the mercury lines on the 
diode array are used as adjustment aids (Fig. 12). The 
wavelength calibration is accurate to 0.1 nm. It is sufficient 
to use only the 313-nm and 546-nm mercury lines for the 
wavelength calibration. These lines are located near the 
intersection points of the linear regression line through the 
tangential focal line and are therefore free of image aberra- 
tions (see Fig. 9). Also, the wavelength difference between 
them is large enough for accurate control. 

Mechanical Design 

Since the grating is not readjustable, high precision for 
the positioning of the remaining detector components is 
required, because the lamp and the flow cell are nonadjust- 
able exchange parts. Also required is exchangeability of 
the diode array (with built-in grating) by service personnel. 
Meeting the high precision requirements at low cost was 
the challenge in the mechanical design. 



Hg Line 
nm 



Calculated Dispersion 



313 



Center 
Wavelength 



Diode 
Number 



546 



312.58 65 



314.59 66 



546.3 



182 



Ideal Case 
Intensity 
Distribution 



Measured 
Intensity 
Distribution 



65 



182 



Fig. 12. Calculated intensity distributions are used as aids 
in adjusting the diode array position 




Fig. 13. The optical unit (lamphouse, illumination compart- 
ment, spectrometer) is housed in a casting. 

The optical unit (lamphouse, illumination compartment, 
spectrometer) is designed as a casting (Fig. 13). To mini- 
mize machining errors, the optical unit is shaped to be 
machined in a single work mounting. Special contraints 
imposed by the NC milling machine — for example, the 
maximum number of tools or the angle resolution of the 
rotation stage — had to be taken as limiting factors. To deter- 
mine the dimensional errors caused by the deformation of 
the optical unit during the machining process, the optical 
casting was run through a computer analysis. This finite- 
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Fig. 14. Simplified block diagram of the HP 1040A front end 
and data acquisition processor. The design realizes an inex- 
pensive 16-bit analog-to-digital converter (ADC). 
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element-based analysis also allows optimization of cutting 
power and cutting speed during the machining process. 
Finally, a three-dimensional measuring machine is used 
to check out the machined parts. 

Diagnostic Features 

A step-motor-driven holmium oxide filter (shutter) lets 
the user verify the wavelength calibration at any time. In 
case of a decalibration (for example, after a cell relocation) 
a wavelength recalibration in 0.5-nm steps in a range of 
±4 nm is possible. 

In case of cell leakage, a leak sensor gives the operator 
a message via the screen. As an additional safeguard, a 
waste drain in the illumination compartment leads the leak 
away so that during automatic, unsupervised operation, no 
further damage is caused. 

Each instrument is provided with a test cell. Function- 
ally, this looks like an air-filled cell, so flow-induced effects 
are eliminated and a quick diagnosis of spectrometer per- 
formance can be done. 

Front End and Data Acquisition Processor 

The 1040A's fast front-end data path digitizes analog 
data from the diode array and processes it by means of a 
high-performance bit-slice processor system. 

The analog video signal from the diode array logic has 
to be digitized with a dynamic range of 16 bits. This could 
be done using a commercial hybrid 16-bit analog-to-digital 
converter (ADC), but this would be very expensive. Fig. 14 
shows the approach taken in the 1040A. A gain-controlled 
preamplifier is used to split the dynamic analog range into 
four sections. This gives the two most significant bits. The 
amplifier gain is processor-controlled and can be set diffe- 
rently for each diode signal. The 211 -value gain pattern 
used during measurements is acquired during a special 
calibration cycle. 

Following the amplifier is a 14-bit ADC consisting of an 
analog multiplexer, a monolithic 12-bit ADC, and some 
discrete autoranging hardware. The analog multiplexer 
provides for the acquisition of several analog signals in- 
cluding ADC reference voltages and lamp current, which 
are used for calibration and lamp control. 

A potential disadvantage of this ADC design is its non- 
linear transfer characteristic, which is shown in Fig. 15. 
There is an offset for an input voltage of zero, and there 
are steps at the range boundaries. This nonlinearity is cor- 
rected by the fast bit-slice data acquisition processor (DAP), 
which calculates correction values for each range and cor- 
rects the raw values for ADC nonlinearity and offset and 
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Fig. 16. Dafa flow in the DAP 

for the dark currents of the photodiodes. 

The bit-slice DAP is part of the diode array detector 
(DAD) multiprocessor system (see article, page 8). It works 
as a fast data acquisition device, reading data at a rate of 
22.500 words per second. This means that all of the diodes 
of the photodiode array, along with self-calibration data, 
are sampled 100 times per second. This rate is too high to 
be processed by a CPU like a Z80A or to be transferred to 
a mass storage device. The bit-slice processor preprocesses 
spectrum and signal data so that it can be handled by the 
DAD communication processor (COM). During data acqui- 
sition, the DAP performs more than 60,000 double-word 
adds or subtracts per second and computes more than 
10.000 logarithms per second, doing three 16-bit multipli- 
cations for each logarithm. 

DAP Functions 

One of the DAP's functions is control of the front-end 
hardware. Every 10 ms, it starts a new diode array sample 
cycle. Every 44 fis, it sets the gain of the video preamplifiers 
to the correct value for the next diode of the diode array. 
Its third control task is to set the ADC mode depending on 
the desired conversion of either the array video signal or 
special input signals like lamp current, references, or 
preamplifier offset voltages. The DAP also has to support 
two digital-to-analog converters (DACs), writing output 
data to the converter registers at a fixed rate of 100 words 
per second. 

The DAP does self-calibration to correct ADC data for 
nonlinearity and preamplifier offsets. ADC calibration is 
done continuously, using some extra time slots at the end 
of every array cycle. During these slots, preamplifier offset 
measurements are done to obtain offset correction values 
for each of the four gain settings. This continuous recali- 
bration is done to shorten warmup lime and to compensate 
for drift over time and temperature. 

In other time slots at the end of each array cycle, the 
DAP measures two auxiliary signals. One of these is lamp 
current. This measurement is used during lamp ignition 
and to check the lamp status during detector operation. 

Data read by the DAP from the A-to-D converter at a rate 
of 22,500 words per second consists of raw values, which 
have to be corrected for nonlinearity. preamplifier offsets, 
and dark values. For each array cycle, the DAP calculates 
211 corrected values representing the intensity distribution 
over the optical wavelength range. These data words are 
then processed point by point and put either into the scan 
buffer or into one or more of Ihe eight raw data channels, 
depending on the desired wavelength ranges of the eight 
channels (see Fig. 16). 
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Speed Requirements for Data 
Acquisition in Photodiode Array 
HPLC Detectors 



A diode array detector acquires absorbance data as a function 
of wavelength and time The optical unit directs radiation from a 
deuterium lamp through a flow cell and then spectrally disperses 
the transmitted radiation onto a linear array of more than 200 
photodiodes. monitoring wavelengths in the range 190 to 600 
nm. When transmitted radiation falls on a photodiode, a photocur- 
rent is generated Each diode is connected in parallel with a 
capacitor, which is charged to a certain voltage (e.g., -5V) The 
photocurrent partially discharges the capacitor; this effect pro- 
vides the basis for the measurement of absorbance. External 
circuits measure the extent of the discharge when the capacitor 
is being recharged. The resulting electronic signal is then pro- 
cessed by an analog-to-digital converter and a computer system 
to give absorbance data. 

These events are continuous. The readout is controlled by a 
shift register and a series of transistor switches that sequentially 
connect each photodiode to a common line. The time between 
two readout operations (readout cycle) is characteristic for a 
diode array detector This readout cycle determines the spectrum 
scanning speed or scanning rate. 

Speed versus Detection Limit 

To demonstrate the impact of data acquisition speed, let's take 
a closer look at what happens in a photodiode/capacitor pair. If 
no radiation strikes the photodiode, no discharge of the capacitor 
occurs. The more intense the incident radiation, the faster the 
capacitor discharges. As the charge approaches zero, non- 




Wavelength 



Fig. 1. (a) Model chromatographic peak, (b) Instantaneous 
spectra taken on the upslope ol a model chromatographic 
peak at 0.04-second intervals. 



linearities arise in the measurement of the transmitted radiation. 
When the capacitor is at zero volts, it will not respond to photo- 
current until recharged during the next cycle. 

Fast data acquisition allows us to use high-intensity radiation 
without saturating the photodiode array The signal is proportional 
to the light intensity. Noise, however, is proportional to the square 
root of the light intensity More intense incident radiation therefore 
leads to a higher signal-to-noise ratio Thus, when all other param- 
eters are the same, the limit of detection is lower and detectability 
is better with higher-speed data acquisition. 

Speed versus Spectrum Quality 

A major advantage of a diode array detector is the ability to 
monitor eluants from short, highly efficient HPLC columns Com- 
ponents elute from such columns in a very short time, as little 
as a few seconds. During elution, the concentration of a com- 
pound in the mobile phase changes quickly from zero to a 
maximum and back to zero. The amplitude of an absorbance 
spectrum will change proportionally with the concentration. The 
shape of the spectrum, however, ought to remain constant (if 
only one compound is eluting at that time). 

Assume we have a model peak, having a width of one second 
at 50% amplitude (Fig. 1). We take absorbance spectra during 
the upslope of the peak at intervals of 0.04 second. Assume 
that each of these spectra is acquired in an infinitely short 
period of time, so that it shows the true absorbance at a certain 
instant. The same series of spectra will occur in reversed or- 
der on the downslope, because the model peak is perfectly 
symmetrical 

If the spectrophotometer takes a full spectral scan in a relatively 
fast 0.3 second, the scan speed is too slow for this peak (see 
Fig. 2). The spectrum is deformed because of changes in concen- 
tration between readings taken at the shortest wavelength and 
those taken at the longest wavelength Instead of the same 
spectra on the upslope and the downslope, the result is two 
completely different spectra of the same compound taken at 
different times during its elution 

Rg. 3 shows the result of high-speed data acquisition, with a 
full spectral scan taken in 0.01 second. The result is accurate 
spectra, identical on the upslope and the downslope. 
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Fig. 2. Spectra (0.3-second lull-scan time) taken on the up- 
slope and downslope of a model chromatographic peak. 
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Fig. 3. Spectra (0.01-second lull-scan time) taken on the 
upslope and downslope ol a model chromatographic peak. 

On the other hand, the longer the observation of the absor- 
bance spectrum (exposure time), the lower the spectral noise, 
and vice versa. Thus the (aster measurement will have a lower 
signal-to-noise ratio. However, noise can be decreased by av- 
eraging II we take an average of a number of items, random 
noise will decrease by the square root of the number. In the 
same 0.3 second that it took to get the inaccurate result of Fig 
2. we can take 30 accurate 0.01-second spectra and average 
them decreasing the relative noise by about the square root of 
30, In other words, high-speed data acquisition combined with 
averaging yields both valid spectra for fast peaks and an accept- 



able signaMo-noise ratio. 

Speed versus Computer Power 

Although (aster acquisition of data from the photodiode array 
gives better results, the faster we scan the array, the more difficult 
it becomes for the electronics As a result of the 0.01-second 
readout cycle m the HP 1040A HPLC Detection System, the data 
processing electronics must be able to. 

■ Take 22,500 readings per second from the analog-to-digital 
converter (including measurements used for continuous re- 
calibration and fault monitoring) 

• Make several correcting calculations for each measurement 
(e g , dark current) 

■ Extract, on-line, up to 8 chromatographic signals with variable 
bandwidth 

■ Take an average of a variable number of scans 

■ Calculate logarithms to convert radiation measurements into 
absorbance measurements, and provide results on-line. 

To perform Ihis list of functions requires the execution of about 
4 million arithmetic operations per second Standard 8-bit or 
16-bit microcomputers cannot perform to that requirement Many 
32-bit architectures are not designed for the task. To perform 
the tasks of high-speed data acquisition, the HP 1040A has a 
network of microprocessors, including a set of high-speed, bipo- 
lar arithmetic units called bit-slice processors, as described in 
the accompanying article. As a result, it not only gives valid 
results for fast HPLC peaks, but also has a detection limit com- 
petitive with single-wavelength UVA/is detectors. 



Spectral data is acquired only on request. The scans from 
each array cycle are summed together until the desired 
acquisition time is over, but they remain separated in the 
wavelength domain. After a spectrum period is completed, 
data is logarithmically converted and a background spec- 
trum is subtracted. The result is an absorbance spectrum 
with 211 values, which is sent to the COM processor. 



The raw channel data is filtered using boxcar stages (run- 
ning average of the last n values) and bunch elements (sum 
of the last n values with rate reduction by n, i.e., one output 
data point for each n input data points). There are several 
boxcar/bunch stages for each channel; the number of stages 
used determines the electrical bandwidth and the corre- 
sponding base sample rate. When an acquisition period is 
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over, eighl absorbance signals are calculated and trans- 
ferred. Absorbance calculation is quite similiar to that used 
for scans. 

All calculations are done internally with double (32-bit) 
precision, but to save buffer space and transfer time, the 
precision of logarithms for spectra is reduced to 16 bits. 

Bit-Slice Hardware 

The DAP bit-slice system (Fig. 17) is built of four 2901 
ALU (arithmetic logic unit) slices for a 16-bit-word data 
handling capability. This corresponds to the width of the 
data words coming from the analog-to-digital converter and 
is the best tradeoff between the amount of hardware and 
the required processing time. The instruction word width 
of 32 bits allows multifunction instructions for increased 
processing speed. It is possible, for instance, to combine 
an arithmetic function, a shift/rotate operation, an input/ 
output transfer, and a jump or call function. These mul- 
tifunction instructions are optimized to the needs of the 
diode array detector. 

The next-address logic, which controls stack operations 
and conditional or unconditional jumps or calls, uses three 
291 1 sequencers, enough to address the 2K x 32-bit instruc- 
tion PROMs. The clock frequency used is 4.5 MHz. With 
the pipelining of the instruction path, which prevents pro- 
cessor slowdown by PROM access time, the instruction 
execution time is 220 ns. Accessing the 2Kx 16-bit local 
RAM, or during I/O. one or two 55-ns quarter cycles are 
added to handle the longer access times of these devices. 

There are two interrupt lines. Interrupt events are han- 
dled like any status information and must be polled by 
software. One line is used for communication with the 
COM processor, and the other synchronizes data input from 
the ADC and control output to the several hardware control 
registers of the array front-end electronics. 

Bit-Slice Development Tools 

For DAP software development, an HP internal software 
package was used. Running on the HP 3000 Computer Sys- 
tem, it consists of a configurable assembler package that 
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Fig. 18. Spectra can be taken by keystroke request, period- 
ically, or at various points on a peak 



Fig. 19. Slope and curvature signals and thresholds used in 
detecting peak inflection points. 

can be adapted to any hardware configuration. Instruction 
mnemonics can be defined by the user. 

To replace the instruction PROMs during the develop- 
ment phase, a special PROM simulator or writable control 
store was built. To control the simulator and to download 
software written on the HP 3000, an HP 9835 Computer 
and some interface software were used. An HP 1610B Logic 
State Analyzer was used to check for hardware problems 
and to debug the software. 

Data Processing 

Data processing in the diode array detector is im- 
plemented on the COM processor, a Z80A. Its main pur- 
poses are selection and formatting. The outputs of this step 
are a raw data file to be stored on disc for off-line evaluation, 
and/or scaled graphics to be plotted on the HP-85 screen 
for on-line monitoring. 

The inputs for the data processing step, which are deliv- 
ered by the data acquisition processor (DAP), consist of 
signals (blocks of eight 4-byte values) and spectra (blocks 
of 211 2-byte values). The user can define the wavelengths, 
the time base, the number of signals to be stored on the 
file, and what spectra will be stored. 

Three modes are available for spectrum selection. 
Spectra can be selected in three ways: 

■ Manually upon keystroke request 

■ Periodically at a selectable time interval 

■ Peak controlled (at the apex, on the slopes, or at the end 
of a chromatographic peak). 

Fig. 18 illustrates the different spectrum selection modes. 
For normal applications, the peak controlled mode is most 
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Fig. 20. For on-line monitoring ot diode array detector results, 
the HP-85 screen shows the evolving chromatogram (top 
trace) and spectra updated at about one-second intervals 
(bottom trace). 

interesting, since it reduces the huge number of available 
spectra to relevant and manageable information. 

Peak Detection 

The user selects one of the signals as a pilot signal, which 
is then fed into a peak detector to determine the points of 
interest where spectra are to be taken. The peak detector 
is a piece of software that implements a state machine. 
Each state represents a particular set of pilot signal charac- 
teristics. The transitions between states are the relevant 
points for spectrum selection. 

To determine the characteristics of the pilot signal, the 
first and second derivatives are calculated, representing 
the slope and curvature of the signal. To cope with the 
ever present noise on the signal, the derivative calculations 
include a digital filtering step. 

The peak detector has to discriminate between the 
baseline and the peak, and within the peak has to find 
upslopes, downslopes, valleys, shoulders, and the apex. 
The necessary states are: 

■ Baseline (BL): curvature zero 

■ Concave (POS): curvature positive, slope zero 

■ Convex (NEG): curvature negative, slope zero 

■ Upslope 1 (UPl): curvature and slope positive 

■ Upslope 2 (UP2): curvature negative, slope positive 

■ Downslope 1 (DN1): curvature positive, slope negative 

■ Downslope 2 (DN2): curvature and slope negative. 

To improve noise immunity, there is a threshold range 
around zero. Therefore, "positive*' means "greater than 
positive threshold," and "negative" means "less than nega- 
tive threshold" (see Fig. 19). 

Spectrum Acquisition 

The straightforward method of spectrum acquisition 
would be to command the DAP to measure a spectrum 
whenever an interesting state transition occurs in the peak 
detector (e.g., UP 2 to DN2. indicating the apex of the peak). 
However, this solution is not acceptable because of a double 
delay. The first is the delay in peak recognition (half of the 
length of the curvature filter), and the second is half of the 



acquisition time of the spectrum. Therefore, spectra are 
taken periodically and stored by the COM. If then an apex 
or other interesting point in the signal is detected, the avail- 
able spectra are searched for the one with an acquisition 
time closest to the required time. This spectrum is marked 
for later storing to the output file. Up to six spectra can be 
stored. This is enough, because the acquisition rates for 
signals and spectra are about the same, so the time span 
between the newest spectrum and the oldest just has to 
equal the delay in peak recognition. The number of inter- 
mediately stored spectra is constant. When a new spectrum 
arrives from the DAP, the oldest spectrum is overwritten 
by the new one. However, if this oldest spectrum is marked, 
it is first stored to the output file. 

Using Stored Data 

The output data file consists of a number of records, each 
containing either a spectrum or some signal data. With 
each spectrum are stored the acquisition parameters for it 
(wavelength range, time and duration of acquisition). The 
signal acquisition parameters (wavelengths, bandwidths, 
sample and reference path measurement, time base, pilot 
signal) are stored whenever there is a change in any of 
them. The file also contains some directory information 
and some general information about the analysis. Thus the 
raw data file contains all of the information needed for 
off-line data processing. 

For on-line monitoring, the HP-85*s graphics screen is 
continually updated. In the upper half of the screen is the 
evolving signal (chromatogram). In the lower half of the 
screen is a spectrum (see Fig. 20). The spectrum is valid 
for only one instant of time and is redrawn as each new 
spectrum is acquired. Since spectra can normally be ac- 
quired in less than one second, the changing display lets 
the user visualize the movement of the eluant through the 
flow cell. 
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New Technologies in the HP 1090 
Liquid Chromatograph 



by Alfred Maute 

Engineering Manager 
Waldbronn Division 



In making a new generation of any technical product, new 
technology and processes will usually be applied wherever feas- 
ible. In fact, new and/or improved technology may well be the 
main or the only reason to replace an existing product. 

On the other hand, if you decide to expand your inslrument's 
or system's range of capabilities significantly beyond traditional 
or present limits, technologies and processes may not be so 
easily identified, tested, applied, and established. 

A few years ago, we decided to extend the flow range of a 
liquid chromatograph down to a few microliters of solvent per 
minute (which compares to the amount of liquid flowing through 
the capillaries of a small plant). Doing this within an analytical 
technique, whose quantitation requirements for resolution and 
reproducibility are only a few tenths of a percent, you must control 
the motion of liquid volumes of a few nanoliters (a nanoliter is 
0. 1 x 0. 1 x 0. 1 mm) under pressure ranges of 200-500 bar (3000- 
7000 psi) To do this, all flow-related devices in the system, which 
have to be made of a few chemically inert materials like stainless 
steel, quartz, ceramic, gold, or Teflon™, have to be miniaturized 
in volume and geometry. Miniaturization, of course, is a well 
established trend. Vast experience has been built up in control- 
ling microdimensionsof semiconducting materials, plastics, met- 
als, and organics, and we were glad to make use of it. 

But a few aspects were different. We had to look into not just 
miniature passive parts and devices, but rather into miniature 
machinery, like reciprocating liquid pumps, valves, and liquid 
sampler devices. Moving mechanical parts are subject to wear 
when several hundred thousand or even millions of cycles are 
anticipated over a lifetime. So technologies like precision machin- 
ing, surface coating, polish, and finish, which are fairly highly 
developed and traditional and beginning to become historical, 
had to be rediscovered and reactivated for use in the HP 1 090. 

For example, the drilling of tiny holes with diameters like 200 
jim, or cutting miniature threads into bulk stainless steel, used 
to be part of the daily work (or artwork) of the mechanical- 
wristwatch makers of the Black Forest and Switzerland. Ruby, 
sapphire and quartz were common materials for them to cut, 
shape, perforate, and polish to optical quality We were able to 
adapt the machinery, tools, and test equipment from this tradi- 
tional industry, and to deyelop and establish interest and human 



skills for this kind of work in the HP Waldbronn Division 

Using ceramic doesn't seem exciting or difficult, as long as 
you don't want to apply it to a moving, nonlubricated sealing 
surface in a liquid microvalve expected to operate over a couple 
of years at very low leakages. During the development of this 
device we learned how far from trivial this problem is. There are 
very tew experts in the world to consult with. The solution requires 
control of critical bulk material properties, ultrasonic machining, 
precise surface parameters, and a sophisticated actuator 
mechanism. The resulting valve represents a real advance in 
this key element of a liquid chromatograph. 

When 100-/im I.D. steel capillaries need to be connected to 
LC devices like columns or detector cells, the standard threaded 
fitting must be adapted to the 0.5-mrn O.D. of the capillary. This 
involves the process of stainless-steel welding of a concentric 
seam at a distance of 200 urn from a l00-/xm I.D. open bore. 
The technology of choice here is laser welding, but at tremendous 
cost of equipment and even cost per seam, reason enough for 
our metal shop people to invent a semiautomated microplasma 
welding device, generating the circular seam in a few seconds 
over the capillary's cross section, and keeping the bore open 
by shaping the plasma through a tiny gas jet. 

Having discoursed at length about these micro and precision 
mechanics and processes, I must also point out that two thirds 
of the project team consisted of electrical engineers, computer 
scientists, and chemists. They contributed technologies such as 
bit-slice processor technology, which we adapted from the HP 
2680A Laser Printer for data acquisition and processing in the 
photodiode array detector Fast, high-resolution servo motor con- 
trol technology came from HP Laboratories into our liquid meter- 
ing pump drives to control the motion of the sapphire plungers 
down to 1-/xm resolution. Key strategies in the software and 
hardware architecture of the multiprocessor system in terms of 
distribution, interfacing, and communications pay off for our cus- 
tomers in the flexibility, modularity, and upgradability of the whole 
family of liquid chromatographs. One aspect of this architecture 
is to use standard communication hardware and protocols like 
the HP-IB or RS-232-C to provide any system extensions. This 
is crucial for computerization and networking in the analytical 
laboratory of today and tomorrow. 
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